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Abstract 
China is experiencing rapid economic growth and urbanization. In China’s continuously growing 
urban areas, solar photovoltaic (PV) application in buildings is one of the most suitable renewable 
energy resources. Building PV systems can be categorized into two types: building attached PV 
(BAPV) and building integrated PV (BIPV). However, in China, there is a lack of research comparing 
the two systems, especially from the economic perspective. Meanwhile, policy changes play an 
important role in the economic benefit of building PV projects in China. Among them, changes in 
national subsidy and electricity price are of great importance for distributed building PVs with high 
self-consumption ratio. A better understanding of the impacts of these policy-related factors on the 
economic performance of building PVs is required. Additionally, China is a large country with diverse 
geographic conditions and policy conditions. The complexities of the regional situation make it 
difficult for investors and policy-makers to have a clear understanding of actual value of building PV 
systems, which hinders the uptake of both BAPV and BIPV in China.  
This research aims to address these research gaps. Through the literature review, the most popular 
building PV applications in China are identified. Hence, five building PV scenarios are developed 
based on real-word cases, including BAPV, roof BIPV and window BIPV. Given the diverse geographic 
conditions and policy conditions in China, 12 typical cities are selected for the research. A MATLAB 
program is established to calculate energy generation and evaluate the economic performance of 
the building PV applications in the 12 cities. By changing the input of the national subsidy and tariff 
growth rate in the program, the impacts of the two policy-related parameters on the economic 
results are investigated. The impact of shading loss in the urban environment is also incorporated. 
The results show that, under current geographic conditions and local policy, roof BIPV replacing 
glazing roof is the most attractive investment option for investors among all building PV types. In 
terms of cities, Shanghai is the first option for both BAPV and BIPV investment, while cities including 
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Guangzhou, Chengdu, Guiyang and Chongqing are less financially attractive to investors. The findings 
can improve the investment confidence of building PVs in China, especially for BIPVs.  
For the national subsidy, the results can be categorized based on economic performance and 
sensitivity to the subsidy. For different stakeholders, different implications are generated based on 
economic performance and sensitivity. Generally, Shanghai, Taiyuan and Tianjin are believed to be 
the best investment destinations of building PVs among the 12 cities at the risk of shrinking subsidy. 
Policy-makers can reduce national subsidy in the cities categorized as having good economic 
performance, while seeking other incentives to stimulate the economic performance for PV 
scenarios and cities with bad economic performance and low sensitivity. 
Regarding the impact of tariff growth rate, the results show that the outlook on the future electricity 
price can significantly affect the economic performance of building PV applications in the cities with 
high sensitivity to electricity price change. Thus, building PV applications can be promoted in the 
cities with high potential of the electricity price growth. On the other hand, there are cities that 
make building PV application a safe and profitable investment, such as Shanghai and Taiyuan. 
Moreover, the shading loss analysis shows that roof BAPV with large capacity and roof BIPV 
replacing glazing roof are still recommended for investment. In terms of city, Shanghai remains the 
first option for all kinds of building PV investment. By contrast, more attention should be paid in 
Chengdu, Chongqing and Urumqi to confronting the increasing city density.  
The contributions of this research are to: (1) improve investors’ and policy-makers’ understanding of 
the value of PV buildings across China; (2) provide policy implications to encourage the healthy 
growth of the building PV applications in China; and (3) demonstrate feasibility of building PV 
systems for other cities in similar climates and/or for cities in developing countries like China. 
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Chapter 1  Introduction 
1.1 Research background 
Human activities release significant amounts of greenhouse gases (GHG) that result in global climate 
changes (IPCC, 2014). The IPCC Fourth Assessment Report (AR4) (IPCC, 2007) has identified the very 
likely relationship between climate change and increasing GHG emissions. There is a global 
agreement that countries must urgently reduce GHG emissions if drastic climate change is to be 
mitigated (UNEP, 2016). 
Globally, the building sector is responsible for 32% of total energy consumption (UNEP, 2016), and 
has been recognized as possessing large potential for improvement in energy conservation and 
further utilization of renewable energy (Lucon et al., 2014). A variety of renewable energy 
technologies for buildings have been developed to reduce the GHG emissions caused by energy 
consumption in the built environment, such as ground-source heat pumps, solar water heating and 
solar photovoltaic (PV) systems (Zhang et al., 2015a). 
Among these technologies, PV is one of the most viable renewable energy applications at present. A 
PV system applied to a building allows the building to harness solar energy to make non-polluted 
electricity for its own operation or even to make profits by selling the generated electricity to the 
public grid. In recent years, PV technology has developed at a greater rate compared with other 
renewable energy technologies (Biyik et al., 2017). This is mainly due to the significant cost reduction 
of PV materials, increasing government supports over the last decade and abundant products supply 
(Yuan et al., 2014, Zhang et al., 2015a, Zhao et al., 2015a, Nemet et al., 2017). From the perspective 
of sustainability, the building PV applications should be promoted not only in developed countries 
that consume lots of energy but also in developing countries with rapidly increasing trends of energy 
consumption, like China.  
The deployment and development of building PV applications has great advantages in China. For 
example, China is the largest PV producer in the world, which brings a huge benefit for PV adoption 
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due to its comparatively low price. The following subsections introduce China’s energy consumption, 
the PV application status in China and the impacts of two policy-related factors on the PV 
applications. 
1.1.1 Energy consumption of buildings in urban areas of China 
Similar to most developed countries, the energy structure of China is mainly based on fossil fuels, 
especially coal (Chandran Govindaraju and Tang, 2013), which leads to a significant amount of GHG 
emission. In 2015, China was responsible for 28% of the global CO2 emissions produced by fuel 
combustion, followed by the United States (15%), European Union (10%) and India (6%) (IEA, 2017).  
China has taken responsibility to mitigate the global climate issues. According to the Paris 
Agreement (2015), China will reduce carbon intensity by 60%-65% compared to 2005 by 2030. 
Objectives regarding sustainable development have also been set by the government, such as 
transforming the energy structure into a more sustainable one by 2030, with 20% of the total energy 
consumption coming from renewable energy. In fact, China has another pressing environmental 
issue aside from global climate change. It has been suffering increasingly severe air pollution caused 
by fossil fuels, which results in social concerns and significant economic loss (Yang et al., 2010). 
Confronted with the double pressure from the international and domestic sphere, there is urgency 
in China for a clean energy transformation. China has consequently begun to shift towards 
sustainable development and away from chasing the rapid growth of gross domestic product (GDP) 
regardless of the associated environmental problems.  
The building sector in China must play an important role in reducing carbon emissions by reducing 
energy consumption and thus helping to achieve China’s national sustainability goals. In China, the 
building sector accounts for 20% of national energy consumption (Yan, 2016), with an average 
annual growth rate of 7.7% from 1998 to 2012 (USEIA, 2016). Due to the increasing urbanization and 
improvement of living standard, buildings in urban areas of China have witnessed extensive growth 
in energy consumption and this is anticipated to continue in the future.  
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Since 2000, China has been experiencing rapid increases in both urbanization and real estate (Li et 
al., 2007). According to the World Urbanization Prospects 2014 (UN, 2014), 54% of the population in 
China resides in urban areas, with an annual urbanization growth rate of 2.4%. On the other hand, 
the economic development has led to an improvement of the living standard. People in urban areas 
are willing to spend more money and energy to achieve a higher level of built environment (Cai et 
al., 2009). Without the improvement of energy efficiency and the applications of renewable energy 
sources, the environmental and social issues caused by overusing energy in the building sector in 
China will soon become critical. 
1.1.2 PV applications in buildings in urban areas of China 
The grid-connected distributed PV system is the common PV application for urban areas. The grid-
connected systems can work without pricey storage batteries. Connected with the grid, the system 
can distribute surplus electricity to the public grid so that more profit can be made. Most 
importantly, there has been increasing awareness of how grid-connected distributed systems can 
enhance the security of the entire electricity grid’s electricity supply as a decentralized power 
source, especially in urban areas (Liu et al., 2010, Gautam et al., 2015, Alazraki and Haselip, 2007). In 
addition, the distributed PV system requires less space to install, which can be a major advantage 
when being applied in urban areas. The distributed PV systems can be attached to, or integrated 
into, all kinds of buildings, which can be grouped into building-attached PV (BAPV) and building-
integrated PV (BIPV) systems (IEA-PSPV, 2016a, Biyik et al., 2017). BAPVs are typically applied on the 
roof area of buildings and there are a variety of attachment methods that influence system 
performance and cost (Barkaszi and Dunlop, 2001). In contrast, BIPVs can replace conventional 
building elements (e.g. roofs and facades), fulfilling dual functions (Jelle et al., 2012, Peng et al., 
2011). Therefore, BIPVs are considered as one of the most promising PV applications for the future. 
However, according to Zhang et al. (2015b), BIPVs only account for around 12% of PV systems in 
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buildings in China. The low adoption indicates a lack of understanding of the additional benefits of 
BIPV compared with BAPV. 
China has been the largest producer of PV products since 2007 (IEA-PSPV, 2016a). However, 
compared with other countries, such as Germany and Spain, the use of PV in the building sector in 
China is just emerging (Zhang and He, 2013). In order to promote the uptake of PV systems in the 
built environment, since 2009 the Chinese government has implemented a series of policies and 
regulations (Zhang et al., 2015a). In 2013, the focus has been on the distributed PV systems (less 
than 20MW), including BAPVs and BIPVs (Zhang et al., 2015a). The national feed-in tariff (FIT) 
scheme has been issued, which grants a 20-year subsidy for distributed PV systems to help improve 
the uptake.  
Government support plays a key role in the deployment of building PV systems, especially in China. 
It is therefore necessary to understand government decisions and goals in terms of building PV 
systems. In China, the Five-Year Plan is the official roadmap document for national development 
from 2016 to 2020, which provides critical guidance for energy saving and emissions reductions (Hu, 
2016). There are two specific plans worthy of attention in terms of building PV applications, namely 
the 13th Five-Year Plan for Building Energy Efficiency and Green Building and the 13th Five-Year Plan 
for Development of Solar Energy.  
According to the 13th Five-Year Plan for Building Energy Efficiency and Green Building, four aspects 
require more attention during the following five years: (1) Problems regarding building energy 
efficiency and green building should be solved according to the specific climate zone; (2) The well-
developed cities (cities in eastern regions, provincial capitals and key cities in central regions and 
provincial capitals in western regions) should take the lead in the green building campaign; (3) 
Building PV application must be one of the key projects of renewable energy applications in 
buildings, with the anticipated installation capacity of new solar PV buildings in cities and towns of 
China set to be more than 10 GW; and (4) Instead of evenly taking the market-oriented allocation 
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mechanism into consideration, the objectives of improving building energy efficiency and the 
development of green building mainly depend on the administrative and financial support of the 
government.  
Meanwhile, the 13th Five-Year Plan for Development of Solar Energy states that distributed PV 
generation is the key part of the PV market in the short term. The distributed PV generation will be 
promoted in combination with the reform of the national power system. The plan sets the aim of 
achieving a market-based PV industry that does not rely on the state subsidies. The market should 
lead the way for the PV development and the deployment of distributed PV generation should be 
the most economic choice. Meanwhile, the plan points out that the major challenge for the 
development of solar PV generation is the high cost, which makes it uncompetitive with 
conventional coal-fire. The high cost issue should be solved not only through cost reduction of the 
hardware but also the non-technical cost, such as rent of rooftop areas, taxes and financing. 
In these two documents, both challenges and opportunities are presented in terms of distributed PV 
applications in buildings. The Chinese government is depicting a promising future for distributed PV 
applications in buildings. However, in reality, the economic concern cannot be ignored, as this 
remains a major hurdle for boosting building PV applications, especially BIPVs. 
There has been a large amount of research focusing on the environmental performance and 
environmental benefits of the distributed PV technologies in buildings. It has been demonstrated 
that BAPVs and BIPVs have great environmental benefit throughout the whole lifecycle. However, 
for most investors, economic feasibility is their key driving force when investing in PV projects 
(Ruhang, 2016). Several studies have been conducted on the economic performance of building PV 
applications in China, most of which focused on BAPV systems (Yuan et al., 2014, Rodrigues et al., 
2016, Rodrigues et al., 2017). Many studies have investigated residential distributed building PV 
systems, including Zhao et al. (2015a) and Zhang et al. (2015a). To date, there have been few 
comparative studies of PV applications in commercial office buildings, which are more efficient than 
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the applications in residential buildings because the electrical end-user patterns correspond with 
energy generation (Xu et al., 2014). Furthermore, there is limited understanding of the value of BIPV 
systems (Zhang et al., 2015b). Roof-integrated and thin-film window-integrated PV systems are the 
most popular types of BIPV in China (Zhang et al., 2015b). However, most current BIPV studies fail to 
compare these two types of system. To date, only two studies have compared the performance of 
different PV applications, but each focuses on only one city, namely Shanghai (Wang et al., 2016) 
and Xi’an (Wei et al., 2014). China has diverse geographic and climate conditions and the policies are 
different in different cities, which leaves a gap in industry practitioners’ comprehensive 
understanding of the economic value of PV projects across China.  
1.1.3 Policy impacts on the PV’s economics in China 
Many studies of building PV generation have investigated the impact of subsidy policy (Seng et al., 
2008, Berwal et al., 2017). In the context of China, two policy-related variables seem to lack 
investigation in terms of their impacts on the economic performance of different kinds of building 
PV applications with high self-consumption ratio, namely the national subsidy and tariff growth rate.  
Regarding government support mechanisms for renewable energy generation, there are investment-
focused incentives (e.g. investment subsidies) and generation-focused incentives (e.g. Feed-in 
Tariff). China used to support direct investment subsidies to encourage the uptake of distributed PV 
systems, like the Golden Sun projects. However, the Golden Sun projects ended up drawing criticism 
for serious subsidy fraud (Ceweeklycn, 2013). Following this approach, the FIT scheme was applied 
to encourage PV generation, especially for the distributed PV systems. Due to these developments, 
this study only considers the generation-focused incentive, namely the national FIT subsidy, as this is 
currently the preferred subsidy method in China and many other countries. 
The national subsidy is considered one of the most significant policy-related factors that affects the 
financial feasibility of PV projects in China (Dong et al., 2017). There are two kinds of benefit mode 
for distributed PV projects, namely “selling all to the grid” and “self-consumption”. For the “self-
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consumption” mode, there is a national subsidy for every kWh generated by the system. Before 
2018, the national subsidy for “self-consumption” mode was set to be RMB 0.42 per kWh, which was 
attractive to investors. The purpose of the special subsidy for self-consumption mode is to 
encourage the distributed PV application and to improve the self-consumption ratio, which can 
reduce grid instability. However, the high subsidy has become a significant burden on national 
finance, which is estimated to be RMB 120 billion in 2017 (China Energy News, 2018). Meanwhile, 
due to the cost reduction in PV products and the technical progress, PV technologies are becoming 
more and more competitive with tradition electricity generation methods. Thus, in order to promote 
the healthy growth of the PV market, the Chinese government decided to cut the subsidy for PV 
technologies including distributed PV systems (National Development and Refrom Commission, 
2018). At the beginning of 2018, the subsidy was reduced by RMB 0.05 per kWh. A second reduction 
happened on the 31st of May 2018, which decreased the subsidy from RMB 0.37 per kWh to RMB 
0.32 per kWh. The short interval between the two subsidy cuts indicates the government’s 
determination to eliminate the subsidy, which is expected to be cancelled by 2020 (Lv et al., 2016).  
Such a significant reduction in government incentives leads to frustration in the energy market. For 
example, in Britain, after a 65% reduction in the feed-in tariff, the installation capacity of small-scale 
systems plummeted by 74% compared with the previous year (Vaughan, 2016). Uncertainty about 
financial feasibility results in delays in the development of PV project investment (Bauner and Crago, 
2015). Since the outlook of the subsidy is less attractive, it is essential to understand under what 
circumstance the PV projects can still be considered as a feasible investment. 
On the other hand, savings on electricity bills make up the main economic benefit for the PV 
systems. Many factors can cause the fluctuation of the retail electricity price and it is hard to 
forecast changes in electricity prices. Many studies have considered electricity price change by 
involving a single price evolution rate (Lacchini and Rüther, 2015, Vilaça Gomes et al., 2018, 
Rodrigues et al., 2016). However, limited research has taken into consideration varying electricity 
10 
 
price changes between different geographic locations in a nation. Thus, there are few studies 
investigating the influence of electricity price change on the economic performance of distributed 
building PV projects.  
In China, the energy market and pricing mechanism have long been tightly regulated by the 
government (Wang and Zhang, 2016). The strict governance on the electricity price has prevented 
the electricity market from effective competition among market participants (Liu, 2015). From 2015, 
the Chinese government started to carry out a reform to liberalize the national electricity market. It 
is anticipated that the electricity price can be adjusted through a more market-oriented mechanism. 
The electricity system reform brings about a high level of uncertainty regarding the electricity price 
change in China. 
At present, the electricity tariff for retail is still under the control of the central government, which 
varies between provinces and municipalities (Zhang et al., 2018). Different cities have their own 
electricity price and growth rate (Wang and Zhang, 2016). There is a lack of research investigating 
the influence of the electricity price change on the economic performance of distributed building PV 
projects across China. 
1.2 Research questions 
The research questions and sub-questions of this study are as follows: 
What are the financial implications for different distributed PV technologies in commercial buildings 
across China with policy changes? 
a) What impact does geographic location have on the financial suitability of different PV 
systems across China? 
b) What impact do policies have on the financial suitability of different PV systems across 
China? 
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1.3 Research aim and objectives 
Through exploring and answering the research questions, this research aims to: 
Understand the financial implications for different distributed PV technologies in commercial 
buildings across China with policy changes. 
1.3.1 Specific objectives of this research 
I. To identify different kinds of distributed PV applications available for use in commercial 
buildings in China and globally. 
II. To improve both investors and policy-makers’ understanding of the financial value of 
distributed PV projects across different geographic conditions in China. 
III. To identify impacts of national subsidy on financial value outcomes of PV applications 
and explore implications for national and local renewable energy incentives. 
IV. To identify impacts of electricity price on financial value outcomes of PV applications 
and explore implications for national and local renewable energy incentives. 
1.4 Research scope 
The scope of the study is the application of building PV systems in the commercial building sector 
with high self-consumption ratio across China. Building PV applications can be classified as building-
attached PV and building-integrated PV. In this study, these two types of building PV systems are 
covered. Building PV can be adopted on all kinds of buildings to improve the building energy 
performance. This study focuses only on the PV’s application in commercial buildings in China. 
Meanwhile, the generated electricity by the PV system is all consumed by the building.  
1.5 Research significance  
The research findings are of benefit to all stakeholders of building PV applications in at least five 
areas. 
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First of all, the research identifies the status of building PV development in China, improving 
knowledge about building PV applications, especially the adoption of BIPVs.  
Secondly, the research develops a program that can calculate energy generation and evaluate 
economic performance for different kinds of building PV systems.  
Thirdly, the research provides good reference for investors to facilitate the decision-making process 
regarding suitable building PV types and locations worthy of investing in PV, taking into 
consideration the most popular building PV types and most urban areas in China. The urban 
environment effect is also incorporated in the research. 
Fourthly, the research provides useful policy implications for state and local government regarding 
stimulating the economic performance of building PV applications, which can encourage the 
sustainable growth of the building PV market in China.   
Lastly, the demonstration of the research can contribute to comparable research investigating the 
economic feasibility of building PV systems in other cities of similar climatic condition or cities facing 
similar policy issues.   
1.6 Thesis outline 
The thesis is structured as follows:  
Chapter 1 introduces the research background, research questions, research aim and 
objectives.  
Chapter 2 is the literature review. The literature review provides the theoretical background 
of the thesis. In this chapter, PV cell and PV technology applied in buildings are explored and 
explained. Through the review, Objective I of the study is addressed. Policies regarding PV 
generation are identified with special focus on the Chinese context. Meanwhile, the 
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geographic conditions in China are explained in detail, providing the essential background 
information for the study. 
Chapter 3 presents the methodology used in the study to approach all the research 
objectives, consisting of the literature review, case study, cost-benefit analysis and MATLAB 
programming. The research ethics approval and research timeline are also included. 
Chapter 4 presents the results and discussion of the economic performance of different 
building PV applications in the selected cities under the current policy conditions.  
Chapter 5 investigates the impact of national subsidy on the economic viability of different 
PV systems across China. 
Chapter 6 analyses the impact of tariff growth rate on the financial feasibility of different PV 
systems across China. 
Chapter 7 is the conclusion of the thesis. The major outcomes of the study are summarized. 
The limitations of the study are discussed. The implications are provided, along with 
suggestions on further research in this field. 
1.7 Summary 
In this chapter, the background of the research is introduced, including building energy 
consumption, the status of building PV applications in China and the impacts of policy-related 
variables in China. Then, the research question is raised. Based on the research question, the 
research aim and specific objectives are developed. The scope of the study and the research 
significance are identified. Finally, the outline of the thesis is provided.   
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Chapter 2  Literature review 
2.1 Introduction  
There are four parts in this chapter. First of all, Section 2.2 provides a basic understanding of different 
types of PV cell used in the PV system, different categories of PV systems in buildings and the status 
quo of building PV applications in China. Secondly, in Section 2.3, policies regarding the distributed PV 
applications are discussed, including government incentive policies and the electricity price policy in 
China. Thirdly, the geographic conditions in China are introduced in Section 2.4. There are 12 cities 
selected as the representative of each geographic region for the research. A policy analysis of each 
city is carried out in detail. Section 2.5 provides a summary of the chapter. 
2.2 PV cells, systems and applications in building 
2.2.1 PV cells  
Photovoltaic (PV) cells, also known as solar cells, are the smallest units making up a PV power 
system. With the development of PV technology, various types of PV cells have been created. 
Generally, PV cells can be divided into three categories: wafer-based crystalline (monocrystalline and 
polycrystalline silicon), compound semiconductor (thin-film) and innovative (IEA-PSPV, 2016a).  
Wafer-based crystalline PV is the first generation PV, making it the most mature technology with the 
longest history in the solar energy market (Raugei and Frankl, 2009, Płaczek-Popko, 2017). This type 
of PV cells contributes 94% of the total solar market. Among the family of wafer-based crystalline 
PV, polycrystalline silicon products account for 70% and monocrystalline products take up 24% 
(Fraunhofer, 2017). Płaczek-Popko (2017) states that the growth of PV manufacture industry in 
China has led to the rapid increase in the market share of crystalline silicon over the past several 
years. One advantage of silicon-based PV is its high conversion efficiency. Current products using 
monocrystalline silicon cells have conversion efficiencies from 16% to 25% (IEA-PSPV, 2016a). 
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Though polycrystalline silicon products are less efficient (around 14%-18%), they are still popular 
because of the lower cost compared with monocrystalline silicon (IEA-PSPV, 2016a).  
Thin-film PV cell is considered as the second generation PV (Płaczek-Popko, 2017). Thin-film cells are 
made by covering photovoltaic semiconductor materials with the thickness of a few micrometers 
onto a backing material such as plastic or glass (IEA-PSPV, 2016a). Thin-film cells are less expensive 
than crystalline silicon cells, but their conversion efficiencies are lower. In the PV market, cadmium 
telluride (CdTe) and copper-indium-gallium-selenide (CIS or CIGS) are now the most popular thin-film 
materials (IEA-PSPV, 2016a). In recent years, the efficiency of thin-film cells has grown. The 
efficiency of average commercial CdTe products increased from 9% to 16% during the last 10 years 
(Fraunhofer, 2017). Under laboratory conditions, the efficiency of CIGS cells and CdTe can reach up 
to 21.7% and 21%, respectively (Green et al., 2016). However, the market share of all thin-film 
products has dropped from less than 10% in 2015 to about 6% in 2016 (ITRPV, 2016, Fraunhofer, 
2017). 
With the continuing development of PV technology, there have been some innovative photovoltaic 
materials created called the third generation PV, such as organic, dye sensitized, quantum dot and 
perovskites solar cells, although most of these products are still not mature enough for the market 
and so have not been considered in this research (Płaczek-Popko, 2017, IEA-PSPV, 2016a). 
2.2.2 PV systems  
A PV system is an energy system that can generate power by transforming solar energy into 
electricity. The elements constituting the system vary among the different types of systems. Raugei 
and Frankl (2009) identify four types of PV systems according to their installation methods, which 
are grid-connected centralized, grid-connected distributed, off-grid non-domestic and off-grid 
domestic.  
Off-grid systems are mostly employed in remote areas, where there is no or limited access to 
electricity and thus PV systems are the primary source of energy. The requirement for battery 
16 
 
storage is the main distinguishing feature of the off-grid systems (Raugei and Frankl, 2009). Batteries 
store surplus energy and provide it during low-light time. Off-grid systems are used for houses as 
well as for non-domestic projects, such as rural telecommunication, meteorology and others (Zhang 
et al., 2015a). 
On the other hand, grid-connected PV systems are connected to the public electricity network. In 
order to operate in parallel with the electricity network, an inverter is an essential constituent that 
transforms the electricity generated in the system from direct current (DC) to alternating current 
(AC) (IEA-PSPV, 2016a). Batteries are not necessary in this type of system, as the electricity network 
can act as the storage batteries that supply energy when the PV system cannot provide enough 
(Allouhi et al., 2016). Grid-connected systems account for a great proportion of total installed PV 
systems. It was estimated that over 99% of annual PV installation would be grid-connected in the 
selected IEA counties in 2013 (IEA-PSPV, 2013). 
Grid-connected centralized systems are large-scale or utility-scale, which are used in large power 
plants to generate renewable electricity for public infrastructure. Most centralized PV solar plants 
are located at a distance from the demand side, resulting in tremendous electricity losses during 
transmission and distribution (Zhang et al., 2015a). By contrast, grid-connected distributed systems 
are installed on or close to the site where the generated power is needed. Though grid-connected 
distributed systems are relatively small in scale, there are fewer transmission losses, ensuring high 
efficiency (Rigter and Vidican, 2010). Apart from being self-consumed, surplus energy can be 
supplied to the public electricity network, bringing economic benefit to the owner. Meanwhile, there 
has been increasing awareness that grid-connected distributed systems make a contribution to 
enhancing the security of electricity supply, especially in urban areas (Liu et al., 2010).  
2.2.3 PV applications in buildings  
Typically, buildings are connected to the public electricity grid in most urban areas. Grid-connected 
PV systems are specially configured with the distribution system to supply energy for buildings’ 
17 
 
usage first. If the systems can produce more energy than the buildings require, it can sell the surplus 
energy to the public electricity network, thus receiving financial credit (Shukla et al., 2016b). Such 
systems may be attached on, or integrated into, all kinds of buildings, which are generally 
categorized into two groups: Building attached PV systems (BAPVs) and Building integrated PV 
systems (BIPVs) (IEA-PSPV, 2016a).  
BAPVs are typically applied on the roof area of the buildings where PV arrays can be placed. Peng et 
al. (2011) state that BAPVs act as an add-on component generating free energy to meet buildings’ 
requirements instead of the functional parts of the building fabrics. Like conventional PV systems, 
there are a wide variety of attachment methods, each with their own pros and cons that influence 
the performance and cost of the systems (Barkaszi and Dunlop, 2001).  
By contrast, BIPVs can replace the conventional building elements (e.g. roofs and facades); thus, 
they can fulfill dual functions simultaneously (Jelle et al., 2012). Additionally, BIPVs are responsible 
for the architectural and aesthetic aspects of the building design (Peng et al., 2011). BIPVs are 
considered as one of the most promising PV applications of the future. There are diverse PV 
products for BIPVs available on the market, and can be categorized in many different ways. Biyik et 
al. (2017) provide a schematic diagram that clearly demonstrates the BIPV categorization in terms of 
cell types, application types and their market names, as shown in Figure 2.1.  
 
Figure 2.1 The Categorization of BIPV (source: Biyik et al. (2017)) 
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BIPV foil products and BIPV tile products are specific to the roof areas. BIPV foil products are 
commonly formed by thin-film PV cells that are lightweight and have flexibility (Shukla et al., 2016a). 
However, the efficiency of foil products is low and solar cell resistances is high due to the 
disadvantages of thin-film cells (Jelle and Breivik, 2012). BIPV tile products are substitutes for 
traditional roof tiles. There have been a number of tile products on the market that apply PV cells, 
varying from crystalline cells to thin-film (Jelle et al., 2012). 
BIPV module products and solar cell glazing products are applicable for both facades and roofs that 
affect the aesthetics of buildings (Jelle et al., 2012, Shukla et al., 2016a). Furthermore, BIPV module 
products can incorporate the weather skin solution, thermal insulation and other ingredients to 
achieve the functions of the original building elements. Similar to traditional PV modules, whether 
they are BIPVs or BAPVs can be uncertain without producers’ specification of their mounting 
methods (Peng et al., 2011). Solar cell glazing products can replace windows, glazed curtain walls 
and roofs as well. According to Jelle and Breivik (2012), manufacturers provide a wide variety of 
products differing in PV cell parts, colors and transparencies. Generally, crystalline cell products are 
high in efficiency but low in transparency, while thin-film products are the opposite. 
Compared with BAPV, there are many advantages that BIPV can provide to buildings due to their 
characteristic of high integration. However, Peng et al. (2011) argue that BIPV is more expensive 
than BAPV due to technical difficulties in construction and maintenance. By contrast, Debbarma et 
al. (2017) state that BIPV can be cheaper than conventional PV system because of the cost offset of 
the building materials.  
2.2.4 PV building applications in China 
To upgrade the conventional coal-fire energy system, renewable energy has gradually been 
promoted in China. In terms of solar PV energy, the latest National 13th Five-Year Plan (2016-2020) 
states that the installed capacity of solar PV should reach the target of at least 105 GW by the end of 
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2020 (NDRC & NEA 2016). The PV committee of China believe that more than 150 GW could be 
achieved in 2020 (IEA-PSPV, 2016b). To realize the goal, PV building applications are one approach 
upon which policy is focused. Liu et al. (2010) state that the total area that can be used for PV 
building applications in China is estimated to be over 49 billion m2 and 20% of these areas can make 
a contribution to 100GW of PV power capacity. 
The Chinese government plays a crucial role in encouraging PV building applications. Off-grid PV 
application used to occupy the majority of the solar PV market in China, representing approximately 
90% of the total installed capacity from 2004 to 2008 (Wang, 2011). Since 2009, grid-connected PV 
has grown rapidly due to incentive policies launched by the Chinese government, accounting for 
99.2% of the yearly installed capacity in recent years (Wang, 2015). This trend of the transformation 
from off-grid connections to grid connect PV has been seen in many other countries. 
In terms of PV building applications, financial subsidies have been offered in China since 2009. In 
2010, BAPVs and BIPVs represented 37% of the annual installed PV capacity (Wang, 2011). A total 
capacity of 300 MW was approved by 2011 and the baseline target for PV building applications is 20 
GW by the year of 2020 (Wang, 2011). A feed-in tariff (FIT) scheme is another important policy. With 
the improvement of the FIT scheme, it is expected to replace the subsidy programs, while 
distributed (self-consumed) PV projects will be encouraged more than centralized (utility-scale) ones 
(Lv et al., 2013). Again, this is policy approach has been applied similarly elsewhere, such as in 
Germany. 
In addition to specific financial incentives by the government, the decrease of the cost of PV systems 
is also accelerating the uptake. The price for PV module has dropped from RMB 30/W in 2008 to 
RMB 4.2/W in 2013 (Lv et al., 2013). Accordingly, the average cost of a typical grid-connected system 
was RMB 8-9/W in 2013, reducing by around 83% compared with 2008 (Lv et al., 2013). With the 
continuing cost reduction, it is predicted that grid parity on the PV generating side would occur by 
2025 in China (IEA-PSPV, 2016b, CNREC, 2014). While the cost of PV power is becoming competitive 
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with traditional coal-based electricity, the transformation from policy-driven to market-driven will 
benefit the PV applications in the long term (Wu and Hou, 2011).  
Some studies present the status quo of PV building applications in China. Zhang et al. (2015b) 
investigate 1504 PV building projects constructed from 2009 to 2012. They discover that industrial 
buildings accounted for 75.8% because industrial buildings have the advantage of a large roof area. 
Commercial buildings and residential buildings represent 20% and 3.9%, respectively, so they 
suggest that residential buildings should be promoted in the future. However, the energy 
consumption of office buildings is correlated with the energy generation of PV systems during the 
daytime, which can be an advantage of PV applications in office buildings over that of residential 
buildings. In terms of installation types, BAPVs were in the majority (87.7%), while the application 
level of BIPVs is low due to the unawareness of the additional benefits of BIPVs. Rooftop PV 
integration and thin-film window-PV integration are the most popular types of BIPV because of the 
low requirement for pre-design and convenience of refurbishment (Zhang et al., 2015b).  
Many studies analyze the system performance and environmental benefit of BAPV and BIPV in 
China. Wu et al. (2015) study the performance of the first rooftop BAPV in the city of Shanghai. A 
performance study of the BAPV curtain wall system is conducted in Dalian (Zhou et al., 2017). Li et al. 
(2013) and Li et al. (2012) study a medium size BIPV and a rooftop PV system, respectively, in Hong 
Kong. They find that BAPVs and BIPVs have great environmental benefit during their lifespan. In 
terms of the economic analysis, most research focuses on the BAPV systems (Yuan et al., 2014, 
Rodrigues et al., 2016, Rodrigues et al., 2017) and the residential distributed building PV systems 
(Zhao et al., 2015a, Zhang et al., 2015a). Only two studies have compared the performance of 
different PV applications, but each focuses on only one city, namely Shanghai (Wang et al., 2016) 
and Xi’an (Wei et al., 2014). To date, there has been no comparative study regarding commercial 
office buildings, which are more efficient than residential buildings because the energy load profile 
corresponds with energy generation (Xu et al., 2014). 
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2.3 Government policies regarding solar PV power generation 
2.3.1 Incentives in the global context 
The government supporting mechanisms are always crucial for the development and deployment of 
renewable energy like solar PV power. So far, there have been a variety of government incentive 
policies established to boost the promotion of solar PV generation globally. By 2010, over 85 
countries had introduced specific policies for renewable energy (Jacobs and Sovacool, 2012). Among 
all the existing policies, there are several policies used most frequently that can be categorized 
according to their foundational principle, namely price-based or quantity-based support. They can 
also be further grouped into investment-focused and generation-focused (IEA, 2008). A summary of 
the popular existing support mechanisms is provided in Table 2.1. In many countries, there is a 
mixture of many support instruments to foster national renewable energy markets based on their 
own conditions. Many studies focus on the optimal design of the support policies in specific 
countries. Even though there are differences in national conditions, it is of great benefit to learn 
from the best international examples, like Germany (Zhang and He, 2013).  
Table 2.1 Overview of government support mechanisms for solar PV generation (source: Jacobs and Sovacool (2012)) 
Support mechanisms  Price-based support  Quantity-based support  
Investment focused  Research and development  Tender mechanism  
Investment subsidies 
Tax incentives 
Soft loans 
Generation focused  Feed-in tariffs (FIT) Tender mechanism  
Net metering Quota obligations  
(Tradable green certificate 
scheme/ Renewable portfolio 
standard) 
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In Germany, the roadmap for the development of solar PV generation starts with public Research 
and Development (R&D) initiatives and investment subsidies (Jacobs and Sovacool, 2012). Launched 
in 1989, the German 1000 solar roof program provided an investment subsidy of 60%-70% of the 
total costs. Due to the limited market volume of this program, it was not as successful as expected 
(Jacobsson and Lauber, 2006). In January 1999, a 100,000-roof program was introduced by the Red-
Green coalition as a further enhanced support for the PV market. This program was also aimed to 
bridge the gap between the former 1000 roof program and a new FIT law. In particular, the 100,000 
roof program provided preferential treatment for private investors, self-employed people, as well as 
small and medium-sized companies. The investment subsidies gradually concluded in 2003 while the 
FIT level of that time covered the investment costs.  
The FIT scheme is a generation-focused policy mechanism to support the development of the 
renewable energy technologies, such as PV and wind power. In the early 1990s, Germany became 
the first European country to adopt the FIT scheme. Since 1997, almost 100% of new PV projects in 
Europe have been under the FIT scheme (del Río and Mir-Artigues, 2012). The first Feed-in Law 
(Stromeinspeisegesetz) set up the framework of the German FIT scheme, which consisted of a fixed 
tariff payment and the purchase obligation of the grid operator (Jacobs and Sovacool, 2012). Then, 
in 2000, the Renewable Energy Source Act (Erneuerbare-Energien-Gesetz) reformed the FIT scheme. 
The German FIT scheme is now being adjusted periodically and has been considered as the best 
example of FIT policy application. 
As of 2019, Germany has become one of the largest PV markets in the world. Apart from its strong 
FIT scheme, the German market also benefits from low interest loans from the state bank. The 
gathering of experienced PV companies and good public awareness of solar PV accelerate the 
development of solar PV generation in Germany as well (EPIA, 2009). 
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2.3.2 Incentives in China 
Similar to Germany, the investment subsidy is the starting point of the promotion of solar PV 
generation, followed by the establishment and amendment of the national FIT scheme. This 
research focuses on the economic performance of the distributed PV applications in buildings. As a 
result, several government incentive policies that have direct and significant impacts on the 
economic performance of the distributed PV projects are elaborated, namely two initial investment 
subsidy programs, the national FIT scheme, the free grid-connection services and the tax incentives. 
 The rooftop subsidy program and Golden Sun demonstration program 
In 2009, these two programs were launched to assist the shifting process of China’s PV industry, 
which depended mainly on foreign input, such as from the USA and EU (Zhang and He, 2013). By that 
time, international trade frictions had frustrated the development of the Chinese PV industry, which 
made it urgent for the Chinese government to establish and develop the domestic PV market. 
The rooftop subsidy program commenced in March 2009, focusing on PV for buildings instead of 
ground solar plants. The program offered upfront financial support of RMB 15/W for rooftop 
systems and RMB 20/W for BIPV systems. The capacity of the project was to be over 50 kW. This 
program gradually merged into the Golden Sun demonstration program. 
The Golden Sun demonstration program was launched in July 2009 and was terminated in 2013. This 
program provided financial support to over 500 MW PV projects. The projects with PV capacity over 
300 kW were eligible for the Golden Sun demonstration project. A subsidy was provided according 
to the type of grid connection. For off-grid projects, 70% of the total cost could be covered, while for 
on-grid projects, 50% of the total construction cost could be covered. Meanwhile, self-consumption 
was encouraged. If there was surplus energy, it could be sold to the public grid at the price of local 
electricity generated by the coal.  
Table 2.2 provides a summary of key policies regarding the two programs from beginning to end. 
Important information about the two programs is shown in Table 2.3 and Table 2.4. Between 2009 
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and 2012, there were 551.2 MW of PV building projects including BAPV and BIPV under the support 
of these two projects. It can also be noted that the subsidies for PV building projects dropped 
dramatically over time.  
Table 2.2 Relevant policies regarding investment subsidy policies (source: Zhang et al. (2015a) & Author) 
Date Policy title Publishers 
2009.03 Opinions on Accelerating the Implementation 
of Solar PV Building Applications 
MOF, MHURD 
2009.03 Interim Measure for the Administration of 
Financial Subsidies for Solar PV Applications 
MOF, MHURD 
2009.07 Notice on the Implementation of the Golden 
Sun Demonstration Project 
MOF, MOST, NEA 
2010.09 Notice on Strengthening Construction 
Management of the Golden Sun Demonstration 
Projects and the Building Solar Energy 
Application Demonstration Program 
MOF, MOST, NEA, MHURD 
2012.01 Notice on Implementing the Golden Sun 
Demonstration Projects Well in 2012 
MOF, MOST, NEA 
2012.11 Declaration on Organizing the Applications of 
Golden Sun Demonstration Projects and BIPV 
Projects 
MOF, MOST, MHURD, NEA 
2013.06 Notice on Bringing the Subsidies of Golden Sun 
Demonstration Projects to Account 
MOF 
2013.12 Notice on Liquidation of the Golden Sun 
program and PV Building Application 
Demonstration Project in 2012 
MOF, MOST, NEA, MHURD 
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Table 2.3 Solar PV building Projects in China from 2009 to 2012 (source: Zhang and He (2013)). 
Phase Year Approved 
projects 
Approved 
capacity (MW) 
Subsidy (RMB/W) 
BIPV BAPV 
1 2009 111 91 20 15 
2 2010 99 90.2 17 13 
3 2011 106 120 12 - 
4 2012 - 250 9 7.5 
Total   - 551.2 48 - 
 
Table 2.2.4 Golden Sun demonstration program (source: Zhang and He (2013)) 
Phase Year Approved 
projects 
Approved 
capacity (MW) 
Subsidy (RMB/W) 
Solar PV 
building 
Off-grid 
1 2009 98 201 14.5 20 
2 2010 50 272 11.5 16 
3 2011 140 690 C-Si 9 
a-Si 8.5 
4 2012 167 1709 5.5 >7 
Total   455 2872 - - 
 
Much criticism regarding the two programs arose. The Golden Sun program had long been 
questioned due to allegations of serious subsidy fraud, delay in construction and shoddy products 
(Ceweeklycn, 2013). Long-term supervisions were missing regarding the approved projects. The 
government suffered significant losses due to the fraudulent projects, which highlights the 
disadvantages of the upfront construction subsidy approach. It did not adequately provide the 
investors with a strong incentive to generate clean energy through the PV system since the 
immediate benefits were more attractive. They did not care if the PV projects would be profitable 
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through generating power, as long as their investments were paid back. Hence, it is more reasonable 
that the subsidy is based on the amount of electricity generated. By doing so, the investors can truly 
pay attention to the optimal operation of the PV system to identify those that can generate more 
energy. As a result, the Chinese government shifted its emphasis to a subsidy for each kWh and the 
FIT scheme. In China, therefore, the FIT scheme is considered to be more cost-effective than 
investment subsidies for distributed PV projects (Zhao et al., 2015b, Jian, 2013). 
 The national FIT scheme 
The FIT scheme has been accepted worldwide. It has proven itself to have advantages over other 
policies, such as net metering, low-interest loans and fiscal policy (Zhang and He, 2013). After a long-
term test by the market, many countries have developed a mature FIT scheme and operated it well, 
which provides rich experience from which other developing countries like China can learn. The 
establishment and amendment of China’s FIT scheme is summarized in Table 2.5.  
Table 2.5 Relevant policies regarding the FIT policies (source: Zhang et al. (2015a) & Author) 
Date Policy title Publishers 
2011.07 Notice on improving FIT for solar PV NEA 
2013.08 Notice on Playing the Role of the Price Lever to Promote the Healthy 
Development of Photovoltaic Industry 
NDRC 
2014.09 Notice on Further Implementation of Policies Relevant to Distributed 
Photovoltaic Power Generation 
NEA 
2015.12 Notice on Perfecting the Benchmark Tariff Policy of Onshore Wind 
Power and Photovoltaic Generation 
NDRC 
2016.12 Notice on Adjusting the FIT of Onshore Wind Power and Photovoltaic 
Power Generation 
NDRC 
2017.12 Notice on the price policy of photovoltaic power generation projects in 
2018 
NDRC 
 
In China, the National Development and Reform Commission (NDRC) launched the first national FIT 
scheme in July 2011. In this scheme, prices differ depending on the different conditions of projects. 
For those projects that were approved before 1st July 2011 and were completed before 31st 
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December 2011, the feed-in tariff was RMB 1.15/kWh. For the projects that were unable to be 
completed prior to 31st December 2011, the tariff was RMB 1/kWh for all the provinces except for 
Tibet. Projects in Tibet province were still entitled to a tariff of RMB 1.15/kWh. To set the unified 
benchmark price, the government took many factors into consideration, such as the average 
investment cost, the operation cost and the bidding price of solar plants.  
The first scheme was simple and lacking in detail. In the past six years, the FIT scheme has been 
further developed, including dividing the whole country into three solar resource regions, classifying 
the PV installation types and changing tariff levels. In 2013, the NDRC made major changes in the 
national FIT scheme, which set the FIT foundation for further amendment. Firstly, different 
generation systems are identified, namely the centralized systems and distributed systems. 
Secondly, for the centralized generation system, there are three levels of tariff according to the 
intensity of solar radiation as well as the construction cost. The classification of the three regions is 
shown in Table 2.6. Thirdly, for distributed systems, the subsidy of generated electricity is RMB 
0.42/kWh (including tax), lasting for 20 years. At that time, the distributed PV projects can only be in 
one mode, which is called “self-consumption and surplus on-grid”. The purpose of the national 
subsidy is only to support the “self-consumption” mode, which indicates that the “self-consumption” 
mode is greatly encouraged by the government. 
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Table 2.6 Classification of 3 regions regarding the FIT policies 
Region Areas Horizontal annual 
solar resources 
(kWh/m2) 
Yied 
(kWh/kW) 
I Ningxia, Haixi Region of Qinghai, Gansu: Jiayuguang, 
Wuwei, Zhangye, Jiuquan, Dunhuang, Jinchang; 
Xinjiang: Hami, Tacheng, Aletai, Kelamayi, Inner 
Mongolia: regions except for Chifeng, Tongliao, 
Xinan’, Hulunbeier 
>1700 >1500 
II Beijing, Tianjin, Heilongjiang, Jilin, Liaonin, Sichuan, 
Yunnan, Inner Mongolia: Chifeng, Tongliao, Xinan, 
Hulunbeie, Heibei: Chengde, Zhangjiakou, Tangshan, 
Qinghuangdao; Shanxi: Datong, Shuozhou, Xinzhou; 
Shannxi: Yulin, Yanan’; Other regions of Qinghai and 
Gansu 
1350-1700 1200-1500 
III Other regions of the country <1350 <1200 
 
In September 2014, the government approved the option of “selling all to the grid” mode for PV 
projects. This change aimed to improve the flexibility of the distributed PV projects and simplify the 
project-approval processes, which encouraged the market expansion of distributed PV systems 
(Zhang et al., 2015a). 
The major difference between the aforementioned two modes is the different patterns through 
which the investor gains the actual benefit, as shown in Table 2.7. For “self-consumption” mode, all 
generated electricity is granted with the national subsidy based on kWh, while the surplus part is 
sold to the public grid at the price of local electricity generated by coal. On the other hand, for 
“selling all to the grid” mode, the distributed projects will not receive the national subsidy. In fact, 
the “selling all to the grid” distributed projects are treated as centralized PV generation, receiving 
the same feed-in tariff according to its location. Besides the national subsidy, there may be other 
subsidies offered by local or provincial governments.  
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Table 2.7 The value of two different modes of distributed PV generation 
Mode Benefit of the generation  
Self-consumption 
 
Self-consumption energy price = electricity price for end user/local 
retail rate of electricity + national subsidy + other subsidy 
Surplus energy price = local electricity price generated by desulfurized 
coal + national subsidy + other subsidy 
Selling all to the grid Energy price = local feed-in tariff  
 
Figure 2.2 illustrates the changes in tariff level for PV power generation from 2011 to 2018. A sharp 
decline can be found during these years, especially from 2016 to 2018. Ye et al. (2017) study the 
economic performance of the FIT policy on centralized PV projects in China. They suggest that the 
tariff should be adjusted more often, at least once a year, which can then remain the internal rate of 
return (IRR) of the centralized projects at 8%-12%. In the leading countries, there has also been a 
downward trend at the solar PV incentive level. In order to track and encourage the reduction of the 
technology’s cost, the government adjusts the tariff accordingly.  
 
Figure 2.2 The tariff levels of PV power generation in 3 regions from 2011 to 2018 
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On the other hand, the national subsidy for “self-consumption” mode has been static until now. In 
September 2016, the NDRC issued an announcement regarding the adjustment of tariff level, which 
clearly proposed the idea of reducing the national subsidy for distributed PV generation for the first 
time (Peoplecn, 2016). The latest policy, issued in December 2017, made several changes in the 
subsidy for distributed PV projects. From 1st January 2018, the national subsidy decreased to RMB 
0.37/kWh (including tax) for most projects. The distributed PV projects used to support the 
development of less-developed regions will remain at RMB 0.42/kWh (including tax). According to Lv 
et al. (2016), it is anticipated that there will be no subsidy for the self-consumption mode by 2020. 
However, it is not possible to eliminate the national subsidies to support PV development in the next 
few years.  
 Free grid-connection services by the SGCC 
The State Grid Corporation of China (SGCC) is the largest stated-owned utility company. In response 
to the government’s call to assist the development of a domestic PV market, the SGCC has been 
offering free grid-connection services to distributed PV investors since 1st November 2012. The 
distributed PV projects should be close to the user and the capacity of each project should be less 
than 6 MW. The free connection services cover the whole process including the establishment of the 
connection plan, the technical equipment test and final on-grid adjustment. 
This signals significant progress for the development of distributed PV projects. In the past, the SGCC 
only provided the connection services for large-scale centralized PV plants, mostly located in the 
remote areas of west China. There were few opportunities for small investors like city residents to 
connect their PV system into the public grid due to the prohibitively high connection cost of the 
whole process (Govcn, 2012). The distributed PV investors would save significantly from the free 
connection services, which can greatly increase investor interest in such projects. In 2013, the NDRC 
stated that, for the self-consumption mode, additional fees like governmental fund, additional 
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equipment fee and other grid service fees were to be eliminated. All policies regarding the free 
connection are summarized in Table 2.8. 
Table 2.8 Relevant policies regarding the Free Grid-connection policies (source: Zhang et al. (2015a) & Author) 
Date Policy title Publishers 
2012.10 Notice on Providing Grid Connection Service for DG PV Projects 
(Provisional) 
SGCC 
2012.10 Some Opinions Related to Promoting Grid Connection Management of 
DG PV Installation (Provisional) 
SGCC 
2012.10 The Provisions on Technology of DG PV Grid Connection (Provisional) SGCC 
2013.2 Opinions on Grid-Connection Service Prepared for the DG PV 
Development 
SGCC 
 
 Tax incentives 
In China, the tax incentives for distributed PV generation are mainly about the Value Added Tax 
(VAT) concession. In 2013, the Ministry of Finance (MOF) and State Administration of Taxation 
(SAOT) issued a joint announcement stating that, during the period from 1st October 2014 to 31st 
December 2015, the sales of self-generated PV electricity would be granted with a drawback of 50% 
of the VAT, which is 17% in China (SAOT, 2013). Thus, the VAT for PV solar plants had been 
decreased to 8.5%, which was believed to increase their final yield rate by 1-2% (Zhao et al., 2015b). 
The VAT concession policy remains valid as, in 2016, a notice was released to continue the 50% VAT 
concession for the solar PV generation from 1st January 2016 to 31st December 2018. Relevant 
policies regarding tax incentives are summarized in Table 2.9. 
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Table 2.9 Relevant policies regarding taxation policies  (source: Zhang et al. (2015a) & Zhao et al. (2015b) & Author) 
Date Policy title Content Publishers 
2013.9 Notice on the VAT policy of PV power 
generation  
50% drawback of VAT from 2014 
to 2015 
MOF, SAOT 
2014.9 Notice on Further implementation of 
policies relevant to distributed PV 
power generation 
Urging the grid companies to deal 
with the tax-related problems of 
distributed PV projects 
NEA 
2016.7 Notice on continued implementation 
of the VAT policy of PV power 
generation 
50% drawback of VAT from 2016 
to 2018 
MOF, SAOT 
 
2.3.3 Electricity price policy in China 
According to Table 2.7, the local retail rate of electricity and local electricity price generated by 
desulfurized coal are part of the benefits of “self-consumption” mode. In order to conduct the 
economic analysis of the distributed PV applications, it is important to understand the electricity 
pricing system in China. 
China has a very complicated electricity pricing system (NEA, 2013). There are three major kinds of 
electricity price: the benchmark electricity price, the transmission and distribution electricity price, 
and the retail price. The benchmark price is also known as the on-grid electricity price, which is 
typically the selling price of electricity generated by the coal-fired plants. The benchmark price is set 
based on the average cost of electricity generation in each province. The electricity price generated 
by desulfurized coal used in Table 2.7 is slightly higher than the benchmark price due to the 
additional cost of coal desulfurization. 
The transmission and distribution electricity price refer to a total price at which a grid management 
enterprise provides the services of grid access, connection, transmission and sales. The transmission 
and distribution price are similar to the “toll” on the electricity, which is regulated by each provincial 
government. The retail price is the price that the end-user pays for the electricity. The retail price 
can be seen as the total of the benchmark price, the transmission and distribution price, government 
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fund and tax, which is determined by the government and varies between provinces and 
municipalities (Zhang et al., 2018). The retail price is differentiated according to the type of end user, 
which can be generally divided into three groups, namely residential, agricultural and industrial, 
commercial, and other. The retail price for each group will be further divided according to the grid 
voltage.  
Electricity prices are under the strict control of the Chinese government, especially the residential 
retail price (Wang and Zhang, 2016). The government wants to maintain a low price for residential 
electricity. The retail price for commercial users is much higher than for residential users in China; 
RMB 0.8251/kWh and RMB 0.5480/kWh on average, respectively (Lv et al., 2016). Thus, there is a 
great advantage to applying PV systems in commercial buildings because a high electricity bill can be 
avoided or mitigated. 
Due to the province-based administration system, the electricity price in each province is regulated 
and adjusted depending on the particular conditions in each province. The changing rate of each 
province differs. Wang and Zhang (2016) summarize the changes in retail price for commercial users 
across China, as shown in Figure 2.3. It is clear that the commercial retail price in some provinces is 
higher and the changing rate is different. Thus, when studying the benefits generated by the PV 
systems, the electricity price policy in different regions of China should be considered. 
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Figure 2.3 Average commercial electricity prices for each region in China ($/kWh) (source: Wang and Zhang (2016)) 
2.4 Geographic conditions in China 
China is a large country with various geographic conditions and different regional policies. In this 
section, the differences in regional climate and policies in China are explained. Based on this 
understanding of the geographic conditions, 12 typical cities are selected and a detailed policy 
analysis of these cities is conducted. 
2.4.1 Geographic conditions in China and typical cities 
Two geographic conditions are taken into considerations in this study. The solar resource 
distribution conditions determine the energy generation of the building PV systems and the building 
climate demarcations influence the energy consumption of the building. 
 Solar resource distribution in China 
The solar irradiation conditions vary across the country and, in general, can be described as “western 
better than eastern; southern better than northern; highland better than flatland” (Wu and Hou, 
2011, CNREC, 2014). A detailed solar irradiation distribution is shown in Figure 2.4 and Table 2.10. 
The western and northern areas of China are in the richest solar energy regions (Level I-V), while 
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there are a few large cities with a small portion of population in China. Highly urbanized and 
population-concentrated cities, such as Shanghai and Shenzhen, are located in the areas of less rich 
solar resource (Level VI-VIIII). There is a mismatching between solar radiation and energy demand in 
the country (Wu and Hou, 2011). The electricity demand center lies in the eastern and southern 
part, where the solar irradiation is less abundant (Zhao et al., 2013). However, distributed PV 
projects have been largely implemented in the eastern regions in spite of the solar irradiation level 
(Zhang et al., 2015a). 
 
Figure 2.4 Solar irradiation distribution map (source:NREL (2012)) 
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Table 2.10 Solar irradiation distribution zones and typical cities 
Level Solar irradiation 
(kWh/m2/Day) 
Major Cities 
I >7.0 - 
II 6.5-7.0 - 
III 6.0 -6.5 Lhasa 
IV 5.5-6.0 Urumqi, Hohhot 
V 5.0-5.5 Harbin, Taiyuan, 
Lanzhou 
VI 4.5-5.0 Beijing, Tianjin, 
Xi’an, Kunming, 
Shenzhen 
VII 4.0-4.5 Zhengzhou, 
Shanghai, 
Guangzhou 
VIII 3.5-4.0 Chengdu, Guiyang 
IX 3.0-3.5 Chongqing 
 
 Building climate demarcation in China 
The Building Climate Demarcation of China (GB50352-2005) specifies seven major climate zones 
specific for building design, as shown in Figure 2.5 and Table 2.11. The local building codes differ in 
each climate zone, which influence the energy performance and electricity demand in the buildings. 
Depended on the building climate zone, the ceiling value for commercial office building energy 
consumption is provided in the Standard for Energy Consumption of Building (GB/T 51161-2016), as 
shown in Table 2.12. It should be noted that the value for severe cold and cold regions excludes the 
energy consumption for heating during winter because centralized heating is provided in these 
areas.  
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Figure 2.5 Building climate zones in China (Source: GB50352-2005) 
Table 2.11 Building climate zones and typical cities. 
Zone Climatic zone Major Cities 
I severe cold Hohhot, Harbin 
II cold Beijing, Tianjin, 
Xi’an, Taiyuan 
III hot summer & cold winter Shanghai, 
Chengdu, 
Chongqing 
IV hot summer & warm 
winter 
Guangzhou, 
Shenzhen 
V temperate Kunming, Guiyang 
VI severe cold & cold Lhasa 
VII severe cold & cold Urumqi 
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Table 2.12 Energy consumption of typical commercial office building in different climate zones (source: GB/T 51161-
2016) 
Building Climate 
zone 
I II VI VII  
Severe cold and 
cold 
 
III  
Hot summer and 
cold winter 
 
IV  
Hot summer 
and warm 
winter 
V  
Temperate 
Commercial 
office building  
80 kWh/m2/year 110 kWh/m2/year 100 
kWh/m2/year 
70 kWh/m2/year 
 Note: energy for 
heating in winter 
is excluded. 
   
 
 City selection  
A matrix based on two geographic conditions is made to facilitate the city selection in this study. The 
criteria for selected cities are: (1) One city for each identified zone in the matrix; (2) Cities are highly 
urbanized and population-concentrated viz. provincial capitals or provincial cities; (3) Cities with high 
GDP and energy consumption; and (4) Cities with a special local subsidy. Guo et al. (Guo et al., 2017) 
analyze the relations between carbon emission per person and GDP per capita of 31 major cities of 
all five climate zones, as shown in Figure 2.6. In this research, cities of high carbon emission per 
capita under similar conditions of GDP per capita are selected. 
 
Figure 2.6 GDP per capita and carbon emission per capita of 31 cities in 2014 (source: Guo et al. (2017)) 
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As a result, there are 12 selected cities in total, as shown in Table 2.13. The first row represents the 
building climate zone, while the first column stands for the solar irradiation level in descending 
order. These 12 cities cover the majority of climatic conditions and solar conditions in China, which 
makes the study applicable to most urban areas in China. 
Table 2.13 Matrix of climate zone and solar resource level and the selected cities 
Climate 
Solar 
Irradiation 
Level 
I 
Severe Cold 
II 
Cold 
III 
Hot Summer 
&Cold Winter 
IV 
Hot Summer &
Warm Winter 
V 
Temperate 
VI & VII 
Severe Cold 
&Cold 
IV  Hohhot 
    
Urumqi 
V Harbin Taiyuan 
    
VI 
 
Tianjin 
 
Shenzhen Kunming 
 
VII  
  
Shanghai Guangzhou 
  
VIII 
  
Chengdu 
 
Guiyang 
 
IX 
  
Chongqing 
   
 
2.4.2 Tariff policy and subsidy  
As mentioned in section 2.3.3, cities in different provinces of China have their own electricity price 
and electricity price growth rates. To ensure the study corresponds to the local conditions, local 
electricity prices and price growth rates are used. All local commercial electricity sale prices are 
collected from the city/province development and reform commission or national grid company 
website. It should also be noted that the electricity price policies are different. Most cities have a 
fixed electricity price for commercial and industrial usage. Cities like Taiyuan and Tianjin have a time-
of-use (TOU) price policy. Shanghai has the most complicated pricing mechanism, which depends on 
both season and time.  
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The local electricity growth rates are generated based on the literature (Wang and Zhang, 2016). The 
compounded annual growth rate of commercial electricity price for each province between 2006 
and 2011 are calculated. Hohhot and Chengdu have a negative growth rate during this particular 
period, which is mostly because of the national adjustment policies.  
In terms of subsidy, the national subsidy, which is RMB 0.42/kWh for 20 years in 2017, is applied in 
all cities. On top of the national subsidy, some provinces and cities provide their own subsidy to 
stimulate the uptake of distributed PV in their areas. Local subsidies are usually provided in the 
south-eastern part of China (Rodrigues et al., 2017). As regional and local subsidies change 
frequently, the current subsidy policies are applied. Guangzhou and Shanghai are the only cities with 
a local subsidy. In Guangzhou, a one-time payment is provided after the successful operation of the 
PV system according to the system capacity (RMB 0.2/w). Shanghai government offers a 5-year 
subsidy depending on the amount of electricity generation (RMB 0.25/kWh for commercial and 
industrial buildings). Table 2.14 summarizes the electricity price, growth rate and subsidy used in this 
research.  
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Table 2.14 Summary of city information 
City Local 
Electricity 
Policy 
Local Electricity 
Price RMB/kWh  
Local Electricity 
Price Growth 
Rate 
Local Subsidy 
Policy 
National Subsidy 
Policy  
Urumqi Fixed price 0.5850 0.59% 
 
For self-consumed 
Part 
20-year subsidy: 
RMB 0.42/kWh 
(in 2017) 
RMB 0.37/kWh 
(in 2018) 
Kunming Fixed price 0.6550 2.08% 
 
Guiyang Fixed price 0.7224 2.60% 
 
Hohhot Fixed price 0.7440 -0.08% 
 
Chengdu Fixed price 0.7799 -0.37% 
 
Chongqing Fixed price 0.7925 0.07% 
 
Shenzhen Fixed price 0.8616 2.04% 
 
Harbin Fixed price 0.8665 1.12% 
 
Guangzhou Fixed price 0.8983 2.04% One-off subsidy: 
RMB 0.2 /w (max 
2,000,000) 
Taiyuan TOU price 0.6963 
(11-18;7-8) 
1.0076 
(8-11;18-23) 
0.4068 
(23-7) 
4.72% 
 
Tianjin TOU price 0.8367 
(7-8 11-18) 
1.2035 
(8-11;18-23) 
0.5522 
(23-7) 
3.17% 
 
Shanghai 2-season 
TOU price 
Summer  
(July, August, 
September) 
1.095(6-22) 
0.541(22-6)  
Other Seasons 
1.060(6-22) 
0.506(22-6) 
7.51% For industrial and 
commercial 
building 
5-year subsidy: 
RMB 0.25/kWh  
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2.5 Summary 
In this chapter, the theoretical background information of the research is provided. Section 2.2 
introduces the building PV technologies from the basic PV cell to different PV applications in 
buildings. Through the review, the status quo of building PV applications in China is identified, which 
shows that there is great potential in the promotion of building PVs, especially BIPVs, in commercial 
buildings. Section 2.3 provides detailed information on the policies regarding the distributed PV 
applications. These relevant policies consist of government incentive policies and the electricity price 
policy. Then, Section 2.4 discusses the geographic conditions in China, including the solar irradiation 
and climate conditions. In the study, a total of 12 cities are selected as the representative of each 
identified region and a detailed analysis of each city including the local policy conditions are also 
provided.  
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Chapter 3  Research methods and process 
3.1 Introduction 
The main purpose of this study is to assess the economic performance of the grid-connected 
distributed PV systems in commercial buildings in the urban areas of China. To provide genuine and 
reliable insights for both the investors and policy-makers, various strategies are employed to collect 
data and to conduct the research. The study applies a mixed research approach using both 
qualitative and quantitative research methods to obtain the most insightful outcomes.  
The structure of this chapter is as follows: Section 3.2 presents the whole research process; Section 
3.3 provides a detailed explanation of all the research methods applied in the research, including 
literature review, case study, economic analysis method and MATLAB program; Section 3.4 provides 
the approval of the ethic application; and Section 3.5 is the summary of the chapter. 
3.2 Research process 
Figure 3.1 provides a clear presentation of the whole research process, which has four stages. Each 
stage of the process aims to approach one research objective. All adopted research methods and the 
expected outcomes of each stage are explained in Section 3.3.  
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Figure 3.1 The research process 
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3.3 Research methods 
In this section, all the research methods applied in the research are explained in detail: Section 3.3.1 
explains the literature review; Section 3.3.2 explains how the is conducted and provides the detailed 
case information used in the study; Section 3.3.3 includes the selection of economic analysis method 
and the equations used in the study; Section 3.3.4 presents the MATLAB program established for the 
study. 
3.3.1 Literature review 
A literature review is the process of investigating a large number of publications that relate to a 
certain topic. The relevant publications are comprised of books, journal articles, conference papers, 
government reports and other reliable resources. A literature review is not only about locating and 
capturing all relevant studies but also evaluating and summarizing these studies (Creswell, 2014). 
The literature review in this study is conducted to identify research gaps and propose significant 
research questions for this research. It is also the research method used to obtain Research 
Objective I. This comprehensive literature review will bolster the foundation for the study of PV 
application in buildings. Additionally, the literature review is a data collection method adopted in the 
research, providing useful data for the whole research process. For instance, through the literature 
review, 12 cities are selected to represent regions with different solar and climatic conditions, as 
mentioned in Section 2.4. The 12 cities are representative of the majority of urban areas in China. 
3.3.2 Case study 
The case study approach is one of the main research methods used in this research. The basic 
principle of case study methods is to conduct an in-depth study of one or several cases by using a 
variety of suitable data collection techniques according to the research questions (Hegde, 2015). The 
advantage of using case studies in this research is that real-world data can be obtained from the 
case to improve the reliability of the research. The selection of suitable cases is crucial to this 
approach. All the information used in this study, including design documents, drawings and cost 
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breakdowns of the four case buildings, are collected from a well-known design and construction 
company of green buildings in China. This company has more than twenty years of construction 
experience and specializes in commercial building PV systems. Particularly, in terms of BIPV, this 
company has made significant breakthroughs and become one of the leaders of the BIPV industry in 
China. The company was willing to provide information from four projects, covering all kinds of 
typical PV building applications in China. Thus, the research conducted a comparison study between 
different building PV applications using authentic data instead of estimated data. Based on the four 
projects provided by the company, five different design scenarios were developed. The case 
information summary is provided in Table 3.1. Figure 3.2 shows photos of all four systems. 
Table 3.1 Summary of the background to the three projects. 
Case Building a b c 
Scenario 1 2 3 4 5 
Application BAPV BIPV BIPV BAPV  BIPV 
PV Type Roof  Roof Roof Roof Façade 
(Window) 
Cell type Polycrystalline Quasi-
monocrystalli
ne  
Quasi-
monocrystalli
ne  
Monocrystallin
e 
Thin-film 
Capacity (kW) 2,825.4  60 60 28.08 50.58 
Solar cell Area (A) 
(m2) 
18,025.83 914.76 914.76 183.84 865.48 
Array Tilt Local latitude 0 0 Local latitude 90 
Efficiency (r) 16% 17% 17% 18% 10% 
Construction Cost 
(RMB) 
20,605,098 2,157,000 2,157,000 315,628 769,107 
Construction cost 
RMB/ kW (BIPV 
without offsets) 
7,293 35,950 35,950 11,240 15,206 
Construction cost 
RMB/ kW (BIPV with 
offsets) 
7,293 29,812 17,352 11,240 7,506 
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(i) Scenario 1 – roof BAPV in Case a (ii) Scenario 2 and Scenario 3 – roof BIPV in Case b 
  
(iii) Scenario 4 – roof BAPV in Case c (iv) Scenario 5 – façade BIPV in Case c 
Figure 3.2 Pictures of all cases 
• Scenario 1 – roof BAPV in Case a 
Scenario 1 – roof BAPV is a rooftop BAPV project with the largest capacity (2,825kW) of all scenarios. 
The cell type used in this project is Poly-Si. The efficiency of the PV products was not provided and 
was therefore assumed to be 16%. The total construction cost of Scenario 1 is RMB 20,605,097. The 
average cost per kW is RMB 7,293, which is the lowest of the five scenarios. 
• Scenario 2 – roof BIPV & Scenario 3 – roof BIPV in Case b 
Case b is a roof-integrated-PV project with the capacity of 60kW. The cell type is Quasi-mono-Si and 
the efficiency is 17%, which is provided by the company. The original construction cost is RMB 
2,156,000. Since there is no original design information for this building, two scenarios are 
developed for the displacement of building elements. Scenario 2 – roof BIPV in Case b assumes that 
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the BIPV replaces a conventional concrete roof. The construction cost of the concrete roof is RMB 
368,271. Hence, the construction cost with the offset to concrete roof is RMB1,788,729 in total and 
RMB 29,812 per kW.  
On the other hand, in Scenario 3 – roof BIPV the BIPV replaces a curtain wall roof. The current unit 
price of a curtain wall roof is approximately RMB 1,000 per m2. Therefore, the construction cost with 
the offset material cost is RMB 1,041,144, which equals RMB 17,352 per kW.  
• Scenario 4 – roof BAPV & Scenario 5 – façade BIPV in Case c 
The building in Case c has two building PV systems, namely a rooftop BAPV of 28kW capacity 
(Scenario 4 – roof BAPV) and a window-integrated-PV system of 50kW (Scenario 5 –façade BIPV).  
The cell type of Scenario 4 – roof BAPV in Case c is Mono-Si, with an assumed efficiency of 18%. The 
total construction cost of Scenario 4 – roof BAPV is RMB 315,627, which equals RMB 11,240 per kW. 
In Scenario 5 – façade BIPV, transparent thin-film PV products are employed to replace traditional 
windows. The cell efficiency is assumed to be 10%. The original construction cost is RMB 769,107, 
equaling RMB 15,206 per kW. The average cost of conventional windows is RMB 450 per m2. 
Therefore, the construction cost with offsets is RMB 7,505 per kW.  
3.3.3 Economic analysis method 
The key research purpose is to study the economic performance of each building PV application in 
12 selected cities. It is crucial to use appropriate economic indicators to assess all the building PV 
scenarios. Short et al. (1995) provide a comprehensive review of economic evaluation methods for 
renewable energy technologies and their pros and cons. Sommerfeldt and Madani (2017) review 51 
papers regarding PV generation and summary the usage percentage of different economic methods 
applied in the reviewed literature. The most frequently used method is the Net Present Value (NPV), 
which accounts for 45%. The Internal Rate of Return (IRR) occurs in 41%, followed by the Levelized 
Cost of Energy, Simple Payback Period and Discounted Payback Period (PB). The payback period, 
49 
 
including both simple and discounted payback period, represents 39%. The NPV, IRR and payback 
period are the most common evaluation methods for capital budgeting in big companies 
(Sommerfeldt and Madani, 2017). The NPV is a widely accepted method to assess the economic 
performance of long-term projects because it takes the time value of money into consideration. 
Apart from profitability presented by the NPV and IRR, the project risk can be indicated by PB (Sun et 
al., 2013). Payback period represents how long the investment is exposed in the unstable market 
environment. Thus, the shorter payback period is, the less risk there would be. In order to generate 
a comprehensive analysis of the economic performance in this research, the NPV, IRR and PB are 
selected as the economic evaluation methods. The unit of NPV and IRR is currency and percentage 
respectively, which can be convenient for different people.  
Eq. (1) is used to calculate the NPV in the study. For the sake of comparing between each scenario 
with different PV capacity, instead of the NPV, a normalized NPV (i.e. NPV per kW) is applied in the 
following sections to standardize the comparison. When the NPV is equal to zero, IRR is determined 
by the r, as shown in Eq. (2). The PB is the number of the year when the NPV is positive, which 
means the project achieves break-even. A high NPV indicates that the investment can make great 
profit throughout its lifecycle. A high IRR indicates that the opportunity for making profit from the 
investment is great and the IRR should be higher than a particular interest rate or the discount rate 
in the country. In terms of PB, it should be as low as possible, which means that the investment can 
be break-even within an acceptable period of time.  
 𝑵𝑷𝑽 = −𝑪𝟎 +
∑ 𝑩𝒏
𝑵
𝒏=𝟏
(𝟏 + 𝒓)𝒏
−
∑ 𝑴𝒏
𝑵
𝒏=𝟏
(𝟏 + 𝒓)𝒏
 (1) 
 𝟎 = −𝑪𝟎 +
∑ 𝑩𝒏
𝑵
𝒏=𝟏
(𝟏 + 𝑰𝑹𝑹)𝒏
−
∑ 𝑴𝒏
𝑵
𝒏=𝟏
(𝟏 + 𝑰𝑹𝑹)𝒏
 (2) 
 
Where: 
C0 is the net construction cost; 
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B(n) is the annual benefit generated by the PV system at the nth year; 
Mn is the maintenance cost; and 
r is the discount rate. 
The detailed explanation of B(n) is presented in Section 4.2.1. All the input data for the economic 
analysis can be found in the section of analysis process in Chapters 4, 5 and 6.   
3.3.4 MATLAB programming 
To facilitate the cost-benefit analysis of all five scenarios in different cities, a MATLAB program was 
established, as shown in Appendix 1 Figure (1). The program can calculate the energy output, NPV, 
PB and IRR for each scenario in the 12 cities. The results in the study are generated through the 
MATLAB program. A further explanation of the program is as follows.  
There are two main parts in the program. The first part is the calculation of the benefit of the PV 
system, as shown in Figure 3.3.3. The second part is economic analysis, namely the calculation of 
NPV, PB and IRR, as shown in Appendix 1 Figure (2). 
First of all, the calculation of the energy generation in the research is based on the following formula 
 𝑬 = 𝑨 × 𝒓 × 𝑯 × 𝑷𝑹 (3) 
where: 
E is the energy output in kWh; 
A is the total solar cell area in m2; 
r is the PV product efficiency; 
H is the hourly solar radiation in kWh/m2; and 
PR is the system performance ratio. 
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An hourly energy output is calculated using Eq. (3). The annual energy generation is calculated as the 
sum of 8,760 hourly energy output in a year. Of all the parameters, the A and r of all five scenarios 
are summarized in Table 3.1. The tile angle of each system varies, which determines the value of H, 
as shown in Table 3.1. The corresponding statistics of H used in each scenario are collected from a 
popular solar modeling tool – PVWatts (NREL, 2017). The database of solar irradiation used in the 
study is established for the program.  
By comparing energy generation and energy consumption data, the benefit of the PV power 
generation is calculated based on Eq. (4) and is explained further in Section 4.2.1.  
 
 𝐁(𝐧) =∑𝒆𝒑𝒉 × (𝟏 + ∆𝒆𝒑)
𝒏 × 𝑬(𝒉)
𝟐𝟓
+ 𝒔𝒃𝒏 
(4) 
where:  
n is the number of the year; 
eph is the electricity price of that hour, as shown in Table 2.14; 
∆ep is the compounded growth rate of the electricity price of the city, which is summarized in Table 
2.14; 
E(h) is the hourly energy generation using Eq. (4); and 
sbn is all the subsidies of the nth year. 
Eq. (4) is used to calculate the NPV, PB and IRR in the study. The equations for NPV and IRR are 
provided in Section 3.3.3. The PB is the number of the year when the NPV is positive, which means 
the project achieves break-even. All the results can be generated through the MATLAB, as shown in 
Appendix 1 Figure (3).  
The input data in the program can be changed according to the researcher’s purpose. Through the 
program, changing the variables will generate new output automatically. Thus, the research is able 
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to analyze the impacts of changing variables on the economic performance of building PV 
applications. In order to address Objective III and Objective IV of the study, national subsidy and 
tariff growth rate are selected as the changing variables to investigate their impacts on the economic 
performance of building PV applications across China. The detailed analysis process is elaborated in 
Chapters 5 and 6.  
3.4 Ethics considerations 
All research should adhere to research ethical norms in Australia. The application of ethic approval 
of this research was submitted in November 2017 and the approval was granted in December 2017. 
The ethics approval number is CHEAN A&B 21207-11/17. 
3.5 Summary  
In this chapter, the research methods and process are introduced. The overall research process is 
presented in Section 3.2. Section 3.3 explains all the research methods adopted to achieve each 
objective, which includes literature review, case study, cost-benefit analysis and MATLAB 
programming. Finally, the mandatory approval of the ethic application is granted, as shown in 
Section 3.4.  
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Chapter 4  The impact of geographic location on financial suitability of 
different PV systems across China 
4.1 Introduction 
In this chapter, the analysis process and result are presented to achieve Objective II. The process of 
determining the benefit of the case projects is explained in section 4.1. Based on the current 
economic conditions and policy, all the cases have a 100% self-consumption ratio. Section 4.2 
presents the results and discussion of the economic performance of all the building PV cases in 12 
cities. Section 4.3 is the sensitivity analysis, which takes the shading loss into consideration. Section 
4.3 is the conclusion for the chapter.  
4.2 Analysis process 
The investigation process of this study is illustrated in Figure 4.1. The selection of typical cities and 
the data collection for these cities has been discussed in Section 2.3. Twelve typical cities are 
selected for the study to present a comprehensive picture of the economic performance of building 
PV applications in China. In this section, the following steps in the flow chart are explained in detail, 
including economic benefit analysis and economic assessment description.  
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Figure 4.1 Investigation process in this chapter 
   
4.2.1 Benefit analysis  
As discussed in Section 2.2.2, there are two different benefit modes for grid-connective building PV 
projects. To determine the benefit mode, a comparison of the energy generation and energy 
consumption data is performed to obtain the self-consumption ratio of each scenario in each city. 
The calculation of the energy generation is based on Eq. (3) in section 3.3.3. The system loss of all 
five building PV scenarios is assumed to be 14%, so that the PR in the study is 86%, which is the 
default value set by PVWatts (NREL, 2017). The explanation and calculation of the system loss can be 
found in the technical manual (Dobos, 2014). Basically, the system loss consists of soiling loss (dirt 
loss), shading loss, mismatch loss, wiring loss, connection loss, light-induced degradation and 
55 
 
maintenance loss. Other factors, such as snowing and ageing, are not included in the default system 
loss. The system attenuation rate is assumed to be 0.7% per year for all cases and the lifespan of all 
scenarios is 25 years. As the energy output of each system decreases year by year, the generation in 
the first year is the largest.  
Figure 4.2 illustrates the first-year energy generation of each scenario in the 12 cities. Scenario 1 – 
roof BAPV in Case a, Scenario 2 – roof BIPV and Scenario 3 – roof BIPV in Case b and Scenario 4 – 
roof BAPV in Case c have the highest energy output for Kunming (Solar Level VI) compared with 
other cities with higher solar levels, such as Urumqi or Hohhot. The energy output of Scenario 5 – 
façade BIPV in Case c peaks in Harbin. It should be noted that the energy output of Guangzhou (Solar 
Level VII) is even lower than that of Chongqing (Solar Level IX). One possible reason may be the large 
number of rainy and cloudy days. 
 
Figure 4.2 The energy output of the first year 
Based on Table 2.11, the annual energy consumption of each case building was calculated. By 
comparing the consumption with the first-year generation, we can gain a basic understanding of 
whether all generated energy is self-consumed or whether there is extra energy to be sold. This 
determines the benefit calculation process. According to Table 4.1, the energy output of all five 
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scenarios in three cases is higher than the energy consumption, which indicates that they meet the 
condition of 100% self-consumption in this study. In order to guarantee the success of PV systems 
without storage and load management, it is important to ensure the self-consumption ratio is as 
high as possible (Martín-Chivelet and Montero-Gómez, 2017). Commercial office buildings have 
advantages over residential buildings because the energy load of commercial buildings peaks during 
the daytime, and at the same time, PV systems generate energy from sunlight (Xu et al., 2014), 
which can also guarantee a high self-consumption level if designed appropriately. Therefore, the 
present research focuses on the analysis of the feasibility of 100% self-consumption PV projects. The 
benefits of all the PV systems are reduced energy bills and subsidies. As a result, the benefit 
generated by the PV system can be determined using Eq. (4) in Section 3.4. 
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Table 4.1 Comparison of energy consumption and energy generation 
Climate 
Region 
Cities  Scenario Annual 
energy 
consumption 
(kWh) 
Maximum 
energy 
generation 
(kWh) 
Self-
consum
ed ratio 
Severe cold 
and cold 
Urumqi, 
Hohhot, 
Tianjin, 
Harbin, 
Taiyuan 
Scenario 1 – roof BAPV 4,935,360 4,245,548 100% 
Scenario 2 – roof BIPV 3,840,000 188,724 100% 
Scenario 3 – roof BIPV 3,840,000 188,724 100% 
Scenario 4 – roof BAPV 1,693,040 48,711 100% 
Scenario 5 – façade BAPV 1,693,040 94,421 100% 
Hot 
summer 
and cold 
winter 
Shanghai, 
Chengdu, 
Chongqing 
Scenario 1 – roof BAPV 6,786,120 3,705,530 100% 
Scenario 2 – roof BIPV 5,280,000 190,015 100% 
Scenario 3 – roof BIPV 5,280,000 190,015 100% 
Scenario 4 – roof BAPV 2,327,930 42,516 100% 
Scenario 5 – façade BAPV 2,327,930 63,050 100% 
Hot 
summer 
and warm 
winter 
Shenzhen, 
Guangzhou 
Scenario 1 – roof BAPV 6,169,200 3,892,919 100% 
Scenario 2 – roof BIPV 4,800,000 201,879 100% 
Scenario 3 – roof BIPV 4,800,000 201,879 100% 
Scenario 4 – roof BAPV 2,116,300 44,666 100% 
Scenario 5 – façade BAPV 2,116,300 61,168 100% 
Temperate  Kunming, 
Guiyang 
Scenario 1 – roof BAPV 4,318,440 4,301,883 100% 
Scenario 2 – roof BIPV 3,360,000 214,470 100% 
Scenario 3 – roof BIPV 3,360,000 214,470 100% 
Scenario 4 – roof BAPV 1,481,410 49,358 100% 
Scenario 5 – façade BAPV 1,481,410 73,589 100% 
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4.2.2 Cost-benefit analysis  
Based on the identified benefit mode, Eq. (1) is used to calculate the NPV in the research. To 
compare each scenario with different PV capacity, instead of the NPV, the NPV per kW is applied in 
the following sections to standardize the comparison. The PB is the number of years after which the 
NPV becomes positive. The maintenance cost is assumed to be the cost of changing the invertors 
every 10 years. The discount rate used in the study is assumed to be 5% (NDRC, 2006). 
4.3 Results and discussion 
Based on the assumptions made in Sections 4.1, an economic assessment of all five scenarios in the 
12 selected cities was undertaken. The results of NPV per kW, PB and IRR are illustrated in Table 4.2. 
Details of significant results based on the table are discussed in this section.  
Table 4.2 The results of NPV per kW, PB and IRR of 5 scenarios in the 12 cities 
Scenario City Economic indicator 
NPV per kW PB IRR 
Scenario 1 – roof BAPV  Chengdu 8871 7 16.65% 
Chongqing 9056 7 16.61% 
Guangzhou 12006 7 18.70% 
Guiyang 11152 7 17.35% 
Harbin 17841 5 25.20% 
Hohhot 12452 6 20.64% 
Kunming 14924 6 21.56% 
Shanghai 40418 4 33.74% 
Shenzhen 17274 5 23.61% 
Taiyuan 20658 6 23.68% 
Tianjin 18410 6 23.32% 
Urumqi 9306 7 16.75% 
Scenario 2 – roof BIPV Chengdu 9259 15 8.32% 
Chongqing 10322 14 8.61% 
Guangzhou 15371 13 9.78% 
Guiyang 15021 14 9.58% 
Harbin 20294 11 11.42% 
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Hohhot 11803 13 9.13% 
Kunming 20735 12 11.34% 
Shanghai 83860 7 21.03% 
Shenzhen 28617 9 13.37% 
Taiyuan 30190 11 12.69% 
Tianjin 26601 11 12.36% 
Urumqi 6117 17 7.17% 
Scenario 3 – roof BIPV Chengdu 21719 7 17.29% 
Chongqing 22781 7 17.54% 
Guangzhou 27831 7 18.51% 
Guiyang 27481 7 18.00% 
Harbin 32754 6 21.35% 
Hohhot 24263 6 18.40% 
Kunming 33195 6 20.91% 
Shanghai 96320 4 34.04% 
Shenzhen 41077 5 23.95% 
Taiyuan 42650 6 21.74% 
Tianjin 39061 6 21.84% 
Urumqi 18577 8 15.31% 
Scenario 4 – roof BAPV Chengdu 6167 12 10.81% 
Chongqing 6381 12 10.87% 
Guangzhou 9757 11 12.87% 
Guiyang 8800 11 11.96% 
Harbin 16523 7 18.09% 
Hohhot 10302 8 14.17% 
Kunming 13155 8 15.30% 
Shanghai 42587 5 25.81% 
Shenzhen 15869 7 17.00% 
Taiyuan 19775 8 17.56% 
Tianjin 17180 7 17.01% 
Urumqi 6670 12 11.04% 
Scenario 5 – façade BAPV Chengdu 6384 8 13.88% 
Chongqing 5688 9 12.82% 
Guangzhou 10364 7 17.17% 
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Guiyang 7492 9 13.79% 
Harbin 22610 4 30.21% 
Hohhot 13334 5 21.93% 
Kunming 12473 6 19.28% 
Shanghai 36511 4 31.04% 
Shenzhen 12768 6 19.37% 
Taiyuan 22631 5 25.20% 
Tianjin 19453 5 24.30% 
Urumqi 10289 7 18.11% 
 
4.3.1 Economic assessment results 
 Net Present Value per kW (NPV per kW) 
As indicated in Figure 4.3, the NPVs per kW of all scenarios in the 12 cities are positive, varying 
between RMB 6,117 and RMB 96,320. According to the figure, it is obvious that Shanghai has the 
best NPV per kW performance, exceeding other cities significantly in all five scenarios. Although 
Chengdu and Chongqing are in the same climate zone as Shanghai, the economic performance of all 
five scenarios in Chengdu and Chongqing is the least satisfactory among the 12 cities.  
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Figure 4.3 NPV per kW of 5 scenarios 
• BAPV 
There is no major difference of NPV per kW between the two BAPV cases (Scenario 1 – roof BAPV in 
Case a and Scenario 4 – roof BAPV in Case c) in all 12 cities, as shown in Figure 4.3. The average of 
NPV per kW of Scenario 1 and Scenario 2 in the 12 cities is RMB 16,031 and RMB 14,431, 
respectively. In most cities, with the exception of Taiyuan and Shanghai, the NPV per kW of Scenario 
1 is higher than Scenario 4. The NPV per kW of Scenario 1 varies from RMB 8,871 in Chengdu to RMB 
40,418 in Shanghai, while that of Scenario 4 ranges from RMB 6,167 in Chengdu to RMB 42,587 in 
Shanghai. Apart from Shanghai, the NPVs per kW of both Scenario 1 and Scenario 4 are below RMB 
30,000.  
• BIPV 
According to Figure 4.3, among all five kinds of building PV applications, Scenario 3 has the highest 
NPV per kW in all cities, followed by Scenario 2. The difference between Scenario 2 and Scenario 3 
results from the different cost offset of the replacement element. When replacing curtain wall roofs, 
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BIPV has the highest NPV per kW in all cases. The NPV per kW in Scenario 5 is the lowest and very 
close to those of the two BAPVs, which varies from RMB 5,688 in Chongqing to RMB 36,511 in 
Shanghai. 
 Payback Period (PB) 
As shown in Figure 4.4, the PB varies from 4 years to 17 years. In general, Scenario 1 – roof BAPV has 
the shortest payback period in all 12 cities, followed by Scenario 3 – roof BIPV and Scenario 5 – 
façade BIPV. Scenario 2 – roof BIPV has the highest value of PB among all cities. In terms of location, 
all scenarios have their shortest payback period in the city of Shanghai.  
 
Figure 4.4 Payback period of 5 scenarios 
• BAPV 
Figure 4.4 shows that the range of the PB of Scenario 1 – roof BAPV is from 4 years (in Shanghai) to 7 
years (in Urumqi, Chengdu, Chongqing, Guiyang and Guangzhou). In contrast, Scenario 4 – rood 
BAPV needs at least 5 years (in Shanghai) and up to 12 years (in Urumqi, Chengdu and Chongqing) to 
reach the break-even point. For all cities, Scenario 1 can be paid off in the shortest period.  
Shanghai has the shortest payback, followed by Harbin and Shenzhen. Urumqi, Chengdu and 
Chongqing need the largest amount of time to reach break-even in both scenarios. The difference in 
0
2
4
6
8
10
12
14
16
18
U
ru
m
q
i
H
o
h
h
o
t
H
ar
b
in
Ta
iy
u
an
Ti
an
jin
Sh
an
gh
ai
C
h
e
n
gd
u
C
h
o
n
gq
in
g
Sh
en
zh
en
G
u
an
gz
h
o
u
K
u
n
m
in
g
G
u
iy
an
g
Severe cold and cold Hot summer and cold
winter
Hot summer and
warm winter
Temperate
P
B
/y
ea
r
Scenario 1 - roof BAPV in Case a Scenario 2 - roof BIPV in Case b Scenario 3 - roof BIPV in Case b
Scenario 4 - roof BAPV in Case c Scenario 5 - façade BIPV in Case c
63 
 
the value of PB between Scenario 1 and Scenario 4 is from 1 year (in Shanghai and Tianjin) to 5 years 
(Urumqi, Chengdu and Chongqing). The gap between the payback period is 2 years in most cities.   
• BIPV 
In terms of PB, Scenario 3 – roof BIPV and Scenario 5 – façade BIPV perform well, competing closely 
with each other (see Figure 4.4). In the cities of severe cold and cold zone (i.e. Hohhot, Urumqi, 
Harbin, Taiyuan and Tianjin), the PBs of Scenario 5 – façade BIPV are one or two years shorter than 
those of Scenario 3 – roof BIPV. In Shenzhen, Chengdu, Guiyang and Chongqing, the PB of Scenario 3 
is one or two years shorter than that of Scenario 5. Both Scenario 3 and Scenario 5 have the shortest 
PBs in cities like Shanghai, Guangzhou and Kunming. The shortest PB of Scenario 3 – roof BIPV (4 
years) occurs in Shanghai and the longest (8 years) in Urumqi. In terms of Scenario 5 – façade BIPV, 
both Shanghai and Harbin have the shortest PB (4 years), while Guiyang and Chongqing have the 
longest PB (9 years). For all cities, Scenario 2 – roof BIPV has the longest payback period, varying 
from 7 years (in Shanghai) to 17 years (in Urumqi). However, it is interesting to note that Scenario 2 
– roof BIPV can be break-even in Shanghai in 7 years, which equals to the shortest PB among 3 BIPV 
scenarios in Urumqi, Chengdu, Chongqing and Guiyang. Hence, apart from Shanghai, it is apparent 
that Scenario 2 – roof BIPV requires the largest amount of time to pay off. 
 Internal Rate of Return (IRR) 
According to Figure 4.5, the range of IRR of 5 building PV scenarios is from 7.17% to 34.04%. 
Compared with the result of NPV per kW, there seem to be a less significant difference between the 
IRRs of 5 PV scenarios in the 12 cities. The five scenarios can obtain their highest IRR in Shanghai. On 
the other hand, the IRR performance of Scenario 1 – roof BAPV, Scenario 3 – roof BIPV and Scenario 
5 – façade BIPV is better than that of Scenario 2 – roof BIPV and Scenario 4 – roof BAPV in all 12 
cities.  
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Figure 4.5 IRR of 5 scenarios 
• BAPV 
As shown in Figure 4.5, it is apparent that the IRR of Scenario 1 in the 12 cities is always higher than 
that of Scenario 4, which indicates that Scenario 1 is more worthy of investment from the 
perspective of IRR. The range of IRR of Scenario 1 is between 16.61% and 33.74%, while the IRR of 
Scenario 4 varies from 10.81% to 25.81%. In terms of cities, the two BAPVs’ IRRs perform best in 
Shanghai, followed by Harbin and Shenzhen. By contrast, Urumqi, Chengdu and Chongqing have the 
lowest IRR among all 12 cities.  
• BIPV 
According to Figure 4.5, Scenario 2 has the worst IRR performance in the 12 cities, varying from 
7.17% to 21.03%. In contrast, both Scenario 3 and Scenario 5 have relatively high IRRs in the 12 
cities. Like the PB of BIPV scenarios, the IRR of Scenario 5 – façade BIPV in the cities of the severe 
cold and cold zone (i.e. Hohhot, Urumqi, Harbin, Taiyuan and Tianjin) is higher than of Scenario 3 – 
roof BIPV. For the rest cities in other climate zones, the IRR of Scenario 3 performs better than 
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Scenario 5. However, there is no significant IRR difference between Scenario 3 and Scenario 5 in all 
selected cities except for Harbin. In Harbin, the IRR of Scenario 5 is about 9% higher than that of 
Scenario 3. Thus, investments in façade BIPV in Harbin, Taiyuan and Tianjin are more profitable. Roof 
BIPVs are more suitable in Shenzhen, Taiyuan and Tianjin.   
4.3.2 Discussions 
 Comparison across cities 
One of the objectives of this study is to identify the places most/least worthy of implementing PV 
systems in China under the current policies. Based on the results presented above, Shanghai is 
identified as the best location to implement all PV projects, especially roof BIPV projects. Shanghai 
has advantages over other cities because it has the highest commercial electricity price, the highest 
tariff growth rate and an attractive 5-year local subsidy. Harbin, Taiyuan, Tianjin, Shenzhen and 
Kunming are also worth considering for investment in 100% self-consumed PV projects in 
commercial buildings. These cities are located in rich solar resource areas (Level V and VI). Although 
the electricity price of Kunming is the second lowest, the energy generation in Kunming is quite high, 
especially for roof BIPVs.  
Urumqi, Chengdu, Guiyang and Chongqing are less financially viable. Urumqi is located in a rich solar 
resource area, but its low commercial electricity price and low tariff growth rate hamper investment 
potential. Due to the insufficiency of solar energy resources, the financial feasibility of self-
consumed PV applications is lower in cities like Guiyang, Chengdu and Chongqing. Chengdu has 
better solar resources than Chongqing, but Chengdu has a negative electricity price growth rate. 
Although Guangzhou has a local subsidy to support PV applications, according to the analysis, the 
effect is not obvious. 
The highest electricity price, the highest electricity price growth rate and the local subsidy contribute 
to the outstanding performance in Shanghai, which indicates that PV projects, especially roof-
integrated PV, have great potential as an investment. Although Urumqi has a rich solar energy 
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resource, the low electricity price and growth rate frustrate the financial feasibility of self-consumed 
PV applications.  
 Comparison across PV applications 
This study also aims to identify the most/least suitable PV application in commercial buildings in a 
particular region. Five different scenarios were analyzed in the study, namely two BAPVs and three 
BIPVs replacing different building elements. In terms of PV products, Poly-Si BAPV preforms better in 
general in terms of NPV/kW, PB and IRR, especially in large-scale systems in comparison with Mono-
Si. The Quasi-mono-Si BIPV has a better performance than thin-film BIPV due to its high efficiency. 
NPV and IRR can represent the profitability of a project while the payback period indicates how 
much risk is incurred, whereas a shorter payback period stands for less risk. From the economic 
perspective, all five scenarios are viable due to the positive NPV and acceptable payback period 
compared with the long lifespan of the PV systems. Scenario 2 – roof BIPV and Scenario 3 – roof BIPV 
perform best in terms of NPV per kW. However, Scenario 2 has the worst performance in terms of 
the payback period and IRR. In order to make a comprehensive assessment of a project, it is 
necessary to weigh the profitability against the risk. Table 4.3 is a summary of all five scenarios in 12 
selected cities: it provides an investment ranking in which 1 represents the best. Scenario 3 – roof 
BIPV is recommended in all cities due to its modest level of risk and high level of profitability. 
Although the NPV per kW is not very high, Scenario 1 – roof BAPV and Scenario 5 – façade BIPV are 
recommended, due to the low level of risk and the good IRR performance. Scenario 2 – roof BIPV 
and Scenario 4 – roof BAPV require more caution when considering investment. Currently, the 
uptake of BIPV in China is still low compared to BAPV (Zhang et al., 2015b). This study provides 
evidence to prove the attractive investment potential of BIPV systems.   
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Table 4.3 Investment assessment of five scenarios among all the cities 
Scenario PV type Risk   Profitability  Investment 
Rank 
PB NPV per kW IRR 
Scenario 1 BAPV of large 
capacity 
Low Low High 2 
Scenario 2 Roof BIPV High Medium  Low 5 
Scenario 3 Roof BIPV Low- Medium High High 1 
Scenario 4 BAPV of small 
capacity 
Medium Low Medium 4 
Scenario 5 Facade BIPV Low- Medium  Low High 3 
 The impact of urban environment 
Shading caused by the surrounding environment can have a more significant influence on the PV 
system performance compared with other design parameters (Horn, 2011). With the ongoing 
urbanization and rapid development of the urban environment in China, the likelihood of 
overshadowing buildings is higher, which will result in great energy losses. In this study, the selected 
cities are all major cities in China that are confronting increasing shading challenges. Thus, this 
section considers the different impacts of shading on the economic performance of building PV 
projects. The shading effect on the PV system in many studies refers to the solar irradiance loss or 
the generation loss due to shading effect, usually in the form of percentage (Woyte et al., 2003, 
Nguyen and Pearce, 2012, Loulas et al., 2012). Deline et al. (2012) indicate that, in a typical urban 
environment, the annual shading loss is 7%, 19% and 25%, under light shading, moderate shading 
and heavy shading scenarios, respectively. In order to reflect the potential shading impact on the 
economic performance of building PV projects in a high-density urban environment, 25% shading 
loss will be considered in the sensitivity analysis. Through the MATLAB program, the economic 
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performance of 5 scenarios in the 12 cities is generated by considering the shading loss within the 
range of 3% (i.e. the default value) to 25% (i.e. the heavy shading condition), as shown in Appendix 2 
Figure (1)-(3). According to Appendix 2 Figure (1), NPV per kW for all five scenarios in Shanghai, 
Tianjin and Taiyuan are affected most by the change of shading loss. The fact is that these three 
cities have the highest NPV per kW among all 12 cities. By contrast, shading loss has the least impact 
on NPV per kW in Urumqi, Chengdu and Chongqing. In terms of PV application types, the change of 
shading loss has the largest impact on NPV per kW in Scenario 2 and Scenario 3, both of which have 
the highest NPV per kW among the five scenarios.  
For PB, across all cities, it is evident that the PB in Scenario 1 – roof BAPV with larger capacity is 
affected least by the shading loss, while the PB in Scenario 2 – roof BIPV replacing concrete roof is 
most subject to performance ratio change. Among all the cities, shading in Shanghai seems to have 
the smallest impact on the PB. 
As shown in Appendix 2 Figure (3), shading loss has the largest impact on the IRR performance in 
Shanghai except for Scenario 5 – façade BIPV. The IRR of Scenario 2 seems to be less affected by the 
shading loss. However, for Scenario 2, as the shading loss increases, the IRR in cities like Chongqing, 
Chengdu and Urumqi cannot be above 5%, which indicates the building PV project would not be 
financially feasible.  
To sum up, when considering the shading impact on the economic performance of building PV 
projects, Scenario 1 – roof BAPV and Scenario 3 – roof BIPV are still recommended for investment. 
Scenario 2 – roof BIPV is not suitable for PV investment due to poor economic performance under 
the shading condition. Although the NPV per kW and IRR in Shanghai is affected greatly by the 
shading loss, Shanghai is still the best city for all kinds of building PV projects. By contrast, 
investment in Chengdu, Chongqing and Urumqi should be considered carefully due to the increasing 
city density in those locations.  
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4.4 Summary 
This chapter analyzes the economic performance of 100% self-consumption BAPV and BIPV systems 
for commercial buildings in 12 Chinese cities under the current economic conditions and policies. 
NPV per kW, PB and IRR are used as economic indicators to assess the financial feasibility of three 
real-world PV cases based on actual statistics and reasonable assumptions. The results of NPV per 
kW show that roof BIPV – Scenario 2 and Scenario 3 in Case b have the most profitable opportunities 
of all the scenarios. In terms of BAPV, the NPV per kW performance of the Poly-Si BAPV with larger 
capacity is better in comparison with that of Mono-Si BAPV. On the other hand, the payback period 
of all the cases in different cities varies from 4 years to 17 years. Considering that the lifespan of the 
building PVs are 25 years, the results of PB indicate all the cases are break-even within their lifespan. 
In all cities, BAPVs have short payback time, while roof BIPV (Scenario 2 replacing concrete roof) has 
the longest payback period. Regarding IRR, the range of IRR of 5 building PV scenarios is from 7.17% 
to 34.04%. Compared with the result of NPV per kW, there seems to be a less significant difference 
between the IRRs of 5 PV scenarios in the 12 cities. Taking NPV per kW, PB and IRR into 
consideration, Scenario 3 - roof BIPV replacing curtain wall roof is the best choice in all regions. 
Based on the research, the building industry can achieve investment confidence, especially in the 
field of BIPV.  
In terms of cities, Shanghai is the first option for both BAPV and BIPV projects of 100% self-
consumption due to its high commercial electricity price, high tariff growth rate and favorable local 
subsidy. Harbin, Taiyuan, Tianjin, Shenzhen and Kunming are also suitable for the implementation of 
building PV projects. Cities like Urumqi, Guangzhou, Chengdu, Guiyang and Chongqing are the least 
financially viable for both BAPV and BIPV projects. Special incentives are required to enhance their 
economic performance if investing in PV projects in these areas.  
In addition, in the urban environment, shading impact caused by surrounding buildings is becoming 
an increasingly high risk to the economic benefit of building PV projects. To further understand the 
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potential influence, an analysis regarding the shading loss on the economic performance of the 
building PV projects is conducted. Based on the analysis, it is suggested that Scenario 1 – roof BAPV 
and Scenario 3 – roof BIPV still be recommended for investment when taking into consideration the 
shading impact due to the increase in the city density. By contrast, because of the poor economic 
performance, Scenario 2 – roof BIPV replacing concrete roof should not be considered as a suitable 
choice for PV investment when the shading impact is about to become more significant in urban 
areas. From the perspective of geographic location, it is no surprise that Shanghai remains the best 
city in which to invest in all kinds of building PV projects. Meanwhile, investors of building PV 
projects should be more cautious in Chengdu, Chongqing and Urumqi where the city density is 
becoming increasingly high.  
These findings are meaningful for policy-makers, as well as for urban planning and deployment of 
building PV projects. Meanwhile, these findings demonstrate the financial feasibility of different 
kinds of building PV applications in a high-density urban environment for other cities with similar 
climatic conditions in other countries, especially developing countries like China. 
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Chapter 5  The impact of national subsidy on financial suitability of different 
PV systems across China 
5.1 Introduction 
Chapter 4 presents and discusses the economic performance of the five scenarios of building PV 
systems in 12 selected cities under the current policy (i.e. at the time this study commenced). Policy-
related variables are identified and found to play an important role in the economic benefit of 
distributed building PVs in China. However, some policies can become the burden on the national 
finances, such as the national subsidy for the distributed PV projects under the “self-generation and 
self-consumption” mode. In Chapter 5, the impact of the national subsidy on the economic 
performance of the five scenarios in the 12 cities is investigated. The results and discussion of this 
chapter provide a comprehensive understanding of: (1) how the subsidy change affects the 
economic performance of all five PV systems; and (2) on which city and system the subsidy reduction 
has the greatest/smallest impact. The outcomes can help policy-makers to reflect on the setting 
mechanism of a subsidy price. Meanwhile, investors can gain an insight into the change of economic 
performance that occurs under the circumstance of a constantly decreasing subsidy. 
The structure of this chapter is as follows: Section 5.2 explains the analysis process; Section 5.3 
presents the results and discussion, which includes the analysis considering the shading loss impact; 
and Section 5.4 is the conclusion for the chapter. 
5.2 Analysis process 
Considering that two national subsidy cuts in a row of RMB 0.05 per kWh have occurred, the 
national subsidy in this chapter is reduced from RMB 0.42 per kWh to zero at intervals of RMB 0.05 
per kWh. By changing the value of the national subsidy while other variables remain the same, the 
results of the NPV per kW, PB and IRR of 5 scenarios in all 12 cities are generated by the established 
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program, as shown in Appendix 3. The summary table demonstrates the corresponding value of the 
NPV per kW, PB and IRR in each city when the subsidy is set to a certain price. 
There are three economic assessment methods in the study, namely NPV per kW, PB and IRR. For a 
better comparison between each scenario, the standard of acceptable economic performance is set 
as according to the following: (1) For NPV per kW, a positive NPV per kW indicates the financial 
feasibility while a negative NPV per kW is unacceptable; as mentioned in Section 3.3.3, NPV per kW 
is applied as a standardized assessment method to compare the five scenarios; (2) Considering that 
the lifespan of all scenarios is assumed to be 25 years, 10 years is set as the standard; and (3) Based 
on He et al. (2018) IRR is set to be 9%, which is almost double the value of the discount rate for NPV 
(i.e. 5%) for the study. Close attention is paid to the scenarios that fail to meet the standard due to 
the reduction in subsidy. Table 5.1 provides a summary of all scenarios in the 12 cities based on the 
standard; the black ticks mean above the standard, while the red crosses represent below the 
standard.  
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Table 5.1 Summary of the economic performance of 5 scenarios in the 12 cities under different subsidy conditions according to the standard (i.e. black tick means above the standard 
while red cross means below the standard). 
Scenario Economic 
indicator 
City Subsidy (RMB/kWh) 
0.42 0.37 0.32 0.27 0.22 0.17 0.12 0.07 0.02 0 
Scenario 1 – 
roof BAPV 
NPV per kW All cities √ √ √ √ √ √ √ √ √ √ 
PB Urumqi √ √ √ √ √ √ × × × × 
Chengdu √ √ √ √ √ √ √ × × × 
Chongqing √ √ √ √ √ √ √ × × × 
Guiyang √ √ √ √ √ √ √ × × × 
Other cities √ √ √ √ √ √ √ √ √ √ 
IRR All cities √ √ √ √ √ √ √ √ √ √ 
Scenario 2 – 
roof BIPV 
NPV per kW Urumqi √ √ √ √ √ × × × × × 
Hohhot √ √ √ √ √ √ √ √ × × 
Chengdu √ √ √ √ √ √ √ × × × 
Chongqing √ √ √ √ √ √ √ √ × × 
Other cities √ √ √ √ √ √ √ √ √ √ 
PB Urumqi × × × × × × × × × × 
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Hohhot × × × × × × × × × × 
Harbin × × × × × × × × × × 
Taiyuan × × × × × × × × × × 
Tianjin × × × × × × × × × × 
Chengdu × × × × × × × × × × 
Chongqing × × × × × × × × × × 
Shenzhen √ √ √ × × × × × × × 
Guangzhou × × × × × × × × × × 
Kunming × × × × × × × × × × 
Guiyang × × × × × × × × × × 
Shanghai √ √ √ √ √ √ √ √ √ √ 
IRR Urumqi × × × × × × × × × × 
Hohhot √ √ × × × × × × × × 
Harbin √ √ √ √ √ √ × × × × 
Taiyuan √ √ √ √ √ √ √ √ √ × 
Chengdu × × × × × × × × × × 
Chongqing √ × × × × × × × × × 
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Guangzhou √ × × × × × × × × × 
Kunming √ √ √ √ × × × × × × 
Guiyang √ √ √ × × × × × × × 
Other cities √ √ √ √ √ √ √ √ √ √ 
Scenario 3 – 
roof BIPV 
 
NPV per kW All Cities √ √ √ √ √ √ √ √ √ √ 
PB Urumqi √ √ √ √ × × × × × × 
Hohhot √ √ √ √ √ √ √ √ × × 
Chengdu √ √ √ √ √ √ √ × × × 
Chongqing √ √ √ √ √ √ √ × × × 
Guiyang √ √ √ √ √ √ √ × × × 
Other cities √ √ √ √ √ √ √ √ √ √ 
IRR Urumqi √ √ √ √ √ √ √ √ × × 
Other cities √ √ √ √ √ √ √ √ √ √ 
Scenario 4 – 
roof BAPV 
NPV per kW Urumqi √ √ √ √ √ √ √ √ √ × 
Other cities √ √ √ √ √ √ √ √ √ √ 
PB Urumqi × × × × × × × × × × 
Hohhot √ √ √ √ × × × × × × 
76 
 
Harbin √ √ √ √ √ √ √ √ × × 
Taiyuan √ √ √ √ √ √ √ × × × 
Tianjin √ √ √ √ √ √ √ × × × 
Chengdu × × × × × × × × × × 
Chongqing × × × × × × × × × × 
Shenzhen √ √ √ √ √ √ √ × × × 
Guangzhou √ × × × × × × × × × 
Kunming √ √ √ √ × × × × × × 
Guiyang × × × × × × × × × × 
Shanghai √ √ √ √ √ √ √ √ √ √ 
IRR Urumqi √ √ √ √ × × × × × × 
Hohhot √ √ √ √ √ √ √ √ × × 
Chengdu √ √ √ √ × × × × × × 
Chongqing √ √ √ √ × × × × × × 
Guangzhou √ √ √ √ √ √ √ √ × × 
Guiyang √ √ √ √ √ √ × × × × 
Other cities √ √ √ √ √ √ √ √ √ √ 
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Scenario 5 – 
façade BAPV 
NPV per kW All cities √ √ √ √ √ √ √ √ √ √ 
PB Urumqi √ √ √ √ √ √ × × × × 
Chengdu √ √ √ × × × × × × × 
Chongqing √ √ √ × × × × × × × 
Shenzhen √ √ √ √ √ √ √ √ √ × 
Guangzhou √ √ √ √ √ √ √ × × × 
Kunming √ √ √ √ √ √ √ × × × 
Guiyang √ √ × × × × × × × × 
Other cities √ √ √ √ √ √ √ √ √ √ 
IRR Chengdu √ √ √ √ √ √ √ × × × 
Chongqing √ √ √ √ √ √ × × × × 
Guiyang √ √ √ √ √ √ √ √ × × 
Other cities √ √ √ √ √ √ √ √ √ √ 
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In order to investigate the impact of the subsidy on the PVs’ economic performance, regression 
analysis is conducted to measure the sensibility of the subsidy to each scenario as well as each city. 
The results can all be best fit in a linear equation. A simple linear regression aims to model the 
relationship between two variables through establishing a linear equation that can best fit in all 
acquired data (Lane, 2013). The two variables are the explanatory variable (X) and the dependent 
variable (Y). In this study, the national subsidy is the explanatory variable and the economic 
performance is the dependent variable. The form of the linear equation and explanation are 
presented as follows (Columbia University, 2003):  
 Y = a + bX 
 (5) 
Where: 
X is the explanatory variable, namely three economic indictors; 
Y is the dependent variable, namely the national subsidy; 
b is the slope of the line, which is calculated through the least-square approach; and 
a is the intercept (i.e. the value of y when x = 0). 
For the purpose of analyzing the sensitivity of the national subsidy, the results of b in Eq. (5) 
generated by the regression analysis are summarized, as shown in the last column of Appendix 3.  
5.3 Results and discussion 
In this section, the discussion is conducted in two ways: (1) according to the PV application types, 
namely BAPV and BIPV; and (2) based on the geographic location, namely the city. In each 
subsection, the value of the economic performance corresponding to the subsidy change is 
discussed first. Then, the results of the slope in the linear regression are analyzed to reveal the 
sensitivity due to the subsidy change. A combination analysis of the performance and sensitivity is 
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also provided, which offers implications for different stakeholders. Finally, the potential shading 
impact on the economic analysis is investigated, using Shanghai and Urumqi as examples.  
5.3.1 Analysis of five scenarios 
 Economic performance across 5 scenarios 
• NPV per kW 
According to Appendix 3, when the subsidy becomes zero, the NPV per kW of Scenario 1 – roof BAPV 
in all 12 cities is still positive, ranging from RMB 3346 in Urumqi to RMB 34693 in Shanghai. As 
shown in Table 5.1, Urumqi is the only city in which scenario 4 cannot be financially viable without a 
subsidy and at least RMB 0.02 per kWh should be provided. It is clear that both the large-scale roof 
BAPV and small-scale roof BAPV perform well in terms of NPV per kW, as almost every city can have 
a positive NPV per kW without the help of a subsidy. In addition, large-scale roof BAPV is better than 
small-scale in the city of Urumqi.  
Scenario 2 – roof BIPV replacing concrete wall, Scenario 3 – roof BIPV replacing curtain wall, and 
Scenario 5 –façade BIPV are the three BIPV cases. As shown in Appendix 3 and Table 5.1, when the 
subsidy reduces to zero, Scenario 2 – roof BIPV in Urumqi, Hohhot, Chengdu and Chongqing has a 
negative NPV per kW while the NPV per kWs of Scenario 3 – roof BIPV are positive in all of the cities. 
This indicates the economic performance of Scenario 3, which has a higher cost offset of the 
replacement material, is much better than that of Scenario 2. With the subsidy reducing to zero, the 
NPV per kW of Scenario 5 – façade BIPV in all 12 cities is still positive from RMB 1315 in Chongqing 
to RMB 31069 in Shanghai. From the perspective of NPV per kW, Scenario 3 – roof BIPV replacing 
curtain wall and Scenario 5 – façade BIPV demonstrate a good performance. According to Table 5.1, 
in order to achieve positive NPV in all cities, a subsidy of at least RMB 0.22 per kWh should be 
provided for Scenario 2 – roof BIPV.  
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In general, despite the risk of a shrinking subsidy, the NPV per kW of the BAPV with large capacity, 
roof BIPV replacing curtain wall and façade BIPV can still be guaranteed to remain positive.  
• PB 
In most cities, Scenario 1 – roof BAPV can become break-even within 10 years even when the 
subsidy is eliminated. However, the payback years of Urumqi, Chengdu, Chongqing and Guiyang 
exceed 10 years when the subsidy is below RMB 0.12 per kWh, as shown in Table 5.1. The 
performance of PB of Scenario 4 – roof BAPV does not seem as effective as in Scenario 1– roof BAPV. 
Apart from Urumqi, which cannot be paid back within 25 years, the PBs of Scenario 4 – roof BAPV 
without subsidy vary widely from 6 years in Shanghai to 24 years in Chengdu. Shanghai is the only 
city that can have a PB time within 10 years without the help of a national subsidy. When the 
subsidy is RMB 0.42 per kWh, 8 out of the 12 cities can be break-even within 10 years. When the 
subsidy drops to RMB 0.07 per kWh, there are only 2 cities achieving a PB under 10 years. Generally 
speaking, the large-scale roof BAPV is much better than small-scale in terms of PB. 
For Scenario 2 – roof BIPV replacing concrete wall, only Shanghai and Shenzhen can be paid back 
within 10 years even when the subsidy is RMB 0.42 per kWh. As the subsidy drops from RMB 0.42 
per kWh to zero, Scenario 2 – roof BIPV can achieve break-even within 10 years only in Shanghai. 
Apart from Urumqi, Hohhot, Chengdu and Chongqing where the investment cannot be paid back, 
there is a wide range of PB without any subsidy, from 8 years in Shanghai to 23 years in Guiyang. By 
contrast, when the subsidy equals to zero, the PBs of Scenario 3 – roof BIPV replacing curtain wall 
exceed 10 years in five cities, namely Urumqi, Hohhot, Chengdu, Chongqing and Guiyang, though all 
of these cities can be paid back within 25 years. In order to make the investment break-even within 
10 years, the subsidy for Scenario 3 in Urumqi should be above RMB 0.22 per kWh, while in 
Chengdu, Chongqing and Guiyang it should be more than RMB 0.07 per kWh and RMB 0.02 per kWh 
for Hohhot. From the perspective of PB, roof BIPV with higher offset has a much better performance 
when facing the subsidy change. On the other hand, Scenario 5 – façade BIPV can be paid back 
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within 10 years in Hohhot, Harbin, Taiyuan, Tianjin and Shanghai when the subsidy becomes zero. 
The range of PB without subsidy is from 5 years in Shanghai to 17 years in Chongqing. According to 
Table 5.1, in order to ensure payback under 10 years in all the cities, the subsidy should remain RMB 
0.37 per kWh for Scenario 5 – façade BIPV. As the subsidy is eliminated, Chongqing has the longest 
PB among all the cities. Among all three kinds of BIPV, Scenario 3 – roof BIPV replacing curtain wall 
performs the best while Scenario 2 – roof BIPV replacing concrete wall performs the worst. 
Among all the PV systems, roof BAPV with large capacity has the best performance, followed by the 
roof BIPV replacing curtain wall when confronting the subsidy change.  
• IRR 
Regarding Scenario 1 – roof BAPV, all the cities can have an IRR above 9% when the subsidy reduces 
to zero. By contrast, for Scenario 4 – roof BAPV, there are 6 cities below the standard IRR when the 
subsidy is gone. In order to achieve an IRR more than 9% in all cities, the national subsidy should be 
set at the price of RMB 0.27 per kWh. It is clear that the IRR of roof BAPV with large capacity is 
better than that of small-scale roof BAPV under the circumstance of subsidy change. 
When the subsidy is eliminated, the IRR of Scenario 2 – roof BIPV can be above 9% only in Tianjin, 
Shanghai and Shenzhen. When the subsidy remains RMB 0.42 per kWh, the IRR cannot be more than 
9% in Urumqi and Chengdu. By comparison, without the subsidy, the IRRs of Scenario 3 – roof BIPV 
are above the standard IRR in all the cities apart from Urumqi. A subsidy of at least RMB 0.07 per 
kWh should be provided to keep the IRR of Urumqi above 9%. For Scenario 5 – façade BIPV, the IRR 
without subsidy falls below the standard IRR only in Chengdu, Chongqing and Guiyang. A subsidy of 
more than RMB 0.12 per kWh can ensure an above-9% IRR in all the cities. Among these 3 BIPVs, the 
roof BIPV replacing the curtain wall is the best in terms of IRR when changing the subsidy.  
In general, roof BAPV with large capacity best meets standard IRR while the roof BIPV replacing 
concrete wall is the opposite. 
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When considering all three economic indicators, it is obvious that Scenario 1 – roof BAPV and 
Scenario 3 – roof BIPV replacing curtain wall can be considered to have the most satisfactory 
economic performance, followed by Scenario 5 – façade BIPV. Scenario 2 – roof BIPV replacing 
concrete wall are the worst. 
The above findings are summarized in Table 5.2. 
Table 5.2 Summary of the economic performance of 5 scenarios from the perspective of NPV per kW, PB, IRR and overall 
performance under the national subsidy change 
Performance Least satisfactory Less satisfactory Satisfactory Most satisfactory 
NPV per kW Scenario 2 – roof 
BIPV 
Scenario 4 – roof 
BAPV 
Scenario 1 – roof BAPV, Scenario 3 – 
roof BIPV and Scenario 5 –façade BIPV 
 
PB Scenario 2 – roof 
BIPV 
Scenario 4 – roof 
BAPV 
Scenario 5 –
façade BIPV 
Scenario 1 – roof 
BAPV  
Scenario 3 – roof 
BIPV 
IRR Scenario 2 – roof 
BIPV 
Scenario 4 – roof 
BAPV 
Scenario 5 –
façade BIPV 
Scenario 1 – roof 
BAPV 
Scenario 3 – roof 
BIPV 
Overall Scenario 2 – roof 
BIPV 
Scenario 4 – roof 
BAPV 
Scenario 5 – 
façade BIPV  
Scenario 1 – roof 
BAPV  
Scenario 3 – roof 
BIPV 
 Sensitivity analysis across 5 scenarios 
The slope of the linear regression reflects the sensitivity of subsidy on the economic performance. 
Based on Appendix 3, Table 5.3 presents the slopes of 5 scenarios in the 12 cities. According to the 
average of the slope value, a rank of 5 scenarios is generated, as shown in Table 5.3.  
As mentioned in Section 5.2.1.1, Scenario 1 – roof BAPV has great performance in terms of NPV per 
kW. Meanwhile, Table 5.3 shows that the subsidy change has the least impact on the NPV per kW of 
Scenario 1 – roof BAPV. By contrast, Scenario 3 – roof BIPV also performs well, while the subsidy 
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change has greatest impact on the NPV of Scenario 3 – roof BIPV. In fact, Scenario 3 – roof BIPV in all 
cities has the highest NPV per kW among all five scenarios.  
In terms of PB, Scenario 2 – roof BIPV is most vulnerable to the subsidy change, while Scenario 1 – 
roof BAPV is the least. The rank for PB indicates that BAPV with larger capacity experiences fewer 
impacts due to the subsidy cut. On the other hand, a BIPV replacing glazing roof is affected least 
when the subsidy changes. As discussed in Section 5.3.1.1, the PBs of Scenario 2 – roof BIPV are 
almost more than 10 years. Meanwhile, the PB of this type is most easily subject to the subsidy 
change. In order to guarantee a certain PB for different types of PV applications, the adjustment of 
the subsidy should be different based on the PV application types. 
The subsidy has the greatest impact on the IRR of Scenario 5 – façade BIPV, while Scenario 2 – roof 
BIPV experiences the smallest influence.  
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Table 5.3 Summary of the slopes of 5 scenarios in 12 cities and their ranks 
Type Scenario Urumqi Hohhot Harbin Taiyuan Tianjin Shanghai Chengdu Chongqing Shenzhen Guangzhou Kunming Guiyang Average Rank 
NPV 
per 
kW 
Scenario 
1 – roof 
BAPV 
16108 16922 17729 16325 14625 15474 13729 13346 16256 12317 17964 13438 15353 5 
Scenario 
2 – roof 
BIPV 
36468 37111 36579 35868 33078 37082 34485 33994 39698 30011 42173 33777 35860 1 
Scenario 
3 – roof 
BIPV 
36468 37111 36579 35868 33078 37082 34485 33994 39698 30011 42173 33777 35860 1 
Scenario 
4 – roof 
BAPV 
18596 19536 20467 18846 16883 17864 15850 15407 18767 14219 20739 15513 17724 3 
Scenario 
5 – 
façade 
BAPV 
18392 18864 22025 18352 16011 14707 12867 11819 14268 12191 17165 11864 15710 4 
PB Scenario 
1 – roof 
BAPV 
16.80 7.62 5.64 6.24 5.32 3.01 12.63 12.63 6.98 6.66 7.62 12.34 8.62 5 
Scenario 
2 – roof 
BIPV 
44.00 31.19 16.43 11.71 9.73 4.15 31.43 34.05 14.49 19.18 21.54 23.79 21.81 1 
Scenario 
3 – roof 
BIPV 
21.07 12.99 5.64 6.70 5.64 3.01 13.97 14.34 5.67 7.81 7.62 12.05 9.71 4 
Scenario 
4 – roof 
BAPV 
33.67 19.84 11.08 10.42 10.39 3.04 29.36 27.01 12.34 12.66 17.32 16.43 16.96 2 
Scenario 
5 – 
18.77 8.81 4.98 5.27 5.27 2.67 20.64 23.05 9.18 12.82 14.02 16.98 11.87 3 
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façade 
BAPV 
IRR Scenario 
1 – roof 
BAPV 
0.2005 0.2084 0.2048 0.1661 0.1570 0.1543 0.1759 0.1679 0.1823 0.1431 0.2038 0.1516 0.1763 3 
Scenario 
2 – roof 
BIPV 
0.1323 0.1302 0.1147 0.0936 0.0871 0.0866 0.1258 0.1182 0.1160 0.0929 0.1284 0.1028 0.1107 5 
Scenario 
3 – roof 
BIPV 
0.1993 0.2000 0.1831 0.1554 0.1519 0.1580 0.1898 0.1830 0.1900 0.1478 0.2053 0.1627 0.1772 2 
Scenario 
4 – roof 
BAPV 
0.1680 0.1706 0.1613 0.1275 0.1219 0.1127 0.1483 0.1406 0.1431 0.1144 0.1622 0.1226 0.1411 4 
Scenario 
5 – 
façade 
BAPV 
0.2301 0.2330 0.2512 0.1855 0.1712 0.1430 0.1753 0.1668 0.1629 0.1440 0.1979 0.1394 0.1834 1 
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 Implications 
Various investors and policy-makers may prefer to use different economic indicators. A combination 
analysis of economic performance and sensitivity is provided from the perspective of each indicator, 
based on Table 5.2 and Table 5.3.  
As shown in Figure 5.1, Scenario 1 – roof BAPV and Scenario 5 – façade BIPV can be considered as 
the best two PV projects when confronting the subsidy reduction due to their good economic 
performance and low sensitivity to the subsidy. On the other hand, although Scenario 3 – roof BIPV 
has an attractive NPV per kW, it is most sensitive to the subsidy change. Hence, the investment of 
Scenario 3 – roof BIPV should not be delayed when the subsidy is favorable. On the other hand, 
Figure 5.1 indicates that the subsidy can play a significant role in improving the NPV per kW 
performance of Scenario 2 – roof BIPV. 
 
Figure 5.1 Combination analysis of NPV per kW performance and sensitivity across 5 scenarios 
According to Figure 5.2, from the perspective of PB, Scenario 1 – roof BAPV and Scenario 3 – roof 
BIPV are the two scenarios worth investing in for the 12 cities under the risk of the decreasing 
national subsidy. On the other hand, if policy-makers intend to enhance the PB performance of 
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scenario 2 – roof BIPV and scenario 4 – roof BAPV, one efficient method is to improve the subsidy in 
comparison to other scenarios. 
 
Figure 5.2 Combination analysis of PB performance and sensitivity across 5 scenarios 
Figure 5.3 illustrates the combination of IRR performance and its sensitivity for 5 scenarios under the 
change of subsidy. Across China, Scenario 1 – roof BAPV is worth investing in due to its good IRR 
performance and medium sensitivity to the subsidy change. On the other hand, Scenario 2 – roof 
BIPV is least sensitive to the subsidy change, which means the increase in the subsidy cannot make a 
great contribution to the improvement of the IRR performance.  
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Figure 5.3 Combination analysis of IRR performance and sensitivity across 5 scenarios  
5.3.2 Analysis based on the geographic location 
 Economic performance across the 12 cities 
Based on Table 5.1, the economic performances of the 12 cities are categorized, as shown in Table 
5.4. To classify these 12 cities, the number of the cross for each city in Table 5.1 was first counted. 
Then, the average number of the cross was calculated to categorize the cities as “satisfactory” 
(below the average) and “less satisfactory” (above the average). Next, there were cities in the two 
categories that had the outstanding results (i.e. having no cross/the most crosses) and thus these 
extreme cities were categorized in the “most satisfactory” and “least satisfactory” group. 
It is obvious that Shanghai is the best city overall. For all the scenarios with any subsidy, the 
performances of NPV per kW, PB and IRR in Shanghai are always the best, exceeding other cities 
significantly. Shanghai always has the shortest PB, and highest NPV per kW and IRR, regardless of the 
subsidy. In fact, the NPV per kW in Shanghai without national subsidy is still better than any of the 
other cities with a subsidy of RMB 0.42 per kWh. In almost every city, Scenario 2 – roof BIPV has a 
relatively poor economic performance. However, the NPV per kW of Shanghai without subsidy is still 
higher than those of any of the other cities with the subsidy of RMB 0.42 per kWh. Only in Shanghai 
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can Scenario 2 – roof BIPV achieve break-even within 10 years with or without subsidy. Thus, there is 
no doubt that Shanghai is the best city for investment.  
Harbin, Taiyuan, Tianjin and Shenzhen can be considered as a group that have the second best 
overall performance in terms of NPV per kW, PB and IRR, followed by the third group including 
Hohhot, Kunming and Guangzhou. 
Urumqi, Chengdu and Chongqing do not perform well under the condition of subsidy cut. Among 
them, Urumqi has the worst performance in terms of NPV per kW, PB and IRR. Urumqi has the worst 
performance in terms of NPV per kW. 
Table 5.4 Summary of the economic performance of the 12 cities from the perspective of NPV per kW, PB, IRR and 
overall performance under the different national subsidies 
Performance Least satisfactory Less satisfactory Satisfactory Most satisfactory 
NPV per kW Urumqi Hohhot 
Chongqing 
Chengdu 
Harbin  
Taiyuan  
Tianjin  
Shenzhen  
Guangzhou 
Kunming  
Guiyang 
Shanghai 
PB Urumqi  
Guiyang 
Chengdu  
Chongqing 
Hohhot  
Guangzhou 
Kunming 
 
Shenzhen 
Harbin 
Taiyuan 
Tianjin 
Shanghai 
IRR Urumqi  
Chengdu  
Chongqing 
Hohhot 
Guangzhou 
Guiyang 
 
Taiyuan 
Harbin  
Kunming 
Shanghai 
Tianjin 
Shenzhen 
Overall Urumqi 
Chengdu  
Chongqing 
 
Hohhot 
Kunming 
Guangzhou 
Guiyang 
Harbin  
Taiyuan  
Tianjin 
Shenzhen 
Shanghai  
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 Sensitivity analysis across the 12 cities 
The summary of the slopes generated through linear regression is presented in Appendix 3. The rank 
is provided to show how the sensitivity of the indicator of the scenario in this city performs among 
all 12 cities. The results are ranked from high to low, as shown in Table 5.5. The higher the rank is, 
the more vulnerable the economic performance in the city is to the subsidy change. 
Table 5.5 Summary of the slopes of 5 scenarios in the 12 cities and their ranks among the 12 cities 
Cities Scenario NPV per kW PB IRR 
Slope Rank  Slope Rank  Slope Rank  
Urumqi Scenario 1 – roof BAPV 16108 6 16.8 1 0.2005 4 
Scenario 2 – roof BIPV 36468 6 44.00 1 0.1323 1 
Scenario 3 – roof BIPV 36468 6 21.07 1 0.1993 3 
Scenario 4 – roof BAPV 18596 6 33.67 1 0.1680 2 
Scenario 5 – façade BAPV 18392 3 18.77 3 0.2301 3 
Hohhot Scenario 1 – roof BAPV 16922 3 7.62 5 0.2084 1 
Scenario 2 – roof BIPV 37111 3 31.19 4 0.1302 2 
Scenario 3 – roof BIPV 37111 3 12.99 4 0.2000 2 
Scenario 4 – roof BAPV 19536 3 19.84 4 0.1706 1 
Scenario 5 – façade BAPV 18864 2 8.81 8 0.2330 2 
Harbin Scenario 1 – roof BAPV 17729 2 5.64 10 0.2048 2 
Scenario 2 – roof BIPV 36579 5 16.43 8 0.1147 7 
Scenario 3 – roof BIPV 36579 5 5.64 10 0.1831 6 
Scenario 4 – roof BAPV 20467 2 11.08 9 0.1613 4 
Scenario 5 – façade BAPV 22025 1 4.98 11 0.2512 1 
Taiyuan Scenario 1 – roof BAPV 16325 4 6.24 9 0.1661 7 
Scenario 2 – roof BIPV 35868 7 11.71 10 0.0936 9 
Scenario 3 – roof BIPV 35868 7 6.70 8 0.1554 10 
Scenario 4 – roof BAPV 18846 4 10.42 10 0.1275 8 
Scenario 5 – façade BAPV 18352 4 5.27 9 0.1855 5 
Tianjin Scenario 1 – roof BAPV 14625 8 5.32 11 0.1570 9 
Scenario 2 – roof BIPV 33078 11 9.73 11 0.0871 11 
Scenario 3 – roof BIPV 33078 11 5.64 10 0.1519 11 
Scenario 4 – roof BAPV 16883 8 10.39 11 0.1219 10 
91 
 
Scenario 5 – façade BAPV 16011 6 5.27 9 0.1712 7 
Shanghai Scenario 1 – roof BAPV 15474 7 3.01 12 0.1543 10 
Scenario 2 – roof BIPV 37082 4 4.15 12 0.0866 12 
Scenario 3 – roof BIPV 37082 4 3.01 12 0.1580 9 
Scenario 4 – roof BAPV 17864 7 3.04 12 0.1127 12 
Scenario 5 – façade BAPV 14707 7 2.67 12 0.1430 11 
Chengdu Scenario 1 – roof BAPV 13729 9 12.63 2 0.1759 6 
Scenario 2 – roof BIPV 34485 8 31.43 3 0.1258 4 
Scenario 3 – roof BIPV 34485 8 13.97 3 0.1898 5 
Scenario 4 – roof BAPV 15850 9 29.36 2 0.1483 5 
Scenario 5 – façade BAPV 12867 9 20.64 2 0.1753 6 
Chongqing Scenario 1 – roof BAPV 13346 11 12.63 2 0.1679 8 
Scenario 2 – roof BIPV 33994 9 34.05 2 0.1182 5 
Scenario 3 – roof BIPV 33994 9 14.34 2 0.1830 7 
Scenario 4 – roof BAPV 15407 11 27.01 3 0.1406 7 
Scenario 5 – façade BAPV 11819 12 23.05 1 0.1668 8 
Shenzhen Scenario 1 – roof BAPV 16256 5 6.98 7 0.1823 5 
Scenario 2 – roof BIPV 39698 2 14.49 9 0.1160 6 
Scenario 3 – roof BIPV 39698 2 5.67 9 0.1900 4 
Scenario 4 – roof BAPV 18767 5 12.34 8 0.1431 6 
Scenario 5 – façade BAPV 14268 8 9.18 7 0.1629 9 
Guangzhou Scenario 1 – roof BAPV 12317 12 6.66 8 0.1431 12 
Scenario 2 – roof BIPV 30011 12 19.18 7 0.0929 10 
Scenario 3 – roof BIPV 30011 12 7.81 6 0.1478 12 
Scenario 4 – roof BAPV 14219 12 12.66 7 0.1144 11 
Scenario 5 – façade BAPV 12191 10 12.82 6 0.1440 10 
Kunming Scenario 1 – roof BAPV 17964 1 7.62 5 0.2038 3 
Scenario 2 – roof BIPV 42173 1 21.54 6 0.1284 3 
Scenario 3 – roof BIPV 42173 1 7.62 7 0.2053 1 
Scenario 4 – roof BAPV 20739 1 17.32 5 0.1622 3 
Scenario 5 – façade BAPV 17165 5 14.02 5 0.1979 4 
Guiyang Scenario 1 – roof BAPV 13438 10 12.34 4 0.1516 11 
Scenario 2 – roof BIPV 33777 10 23.79 5 0.1028 8 
Scenario 3 – roof BIPV 33777 10 12.05 5 0.1627 8 
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Scenario 4 – roof BAPV 15513 10 16.43 6 0.1226 9 
Scenario 5 – façade BAPV 11864 11 16.98 4 0.1394 12 
 
As shown in Table 5.5, the ranks of three slopes are very close in some cities like Hohhot and 
Taiyuan. However, in cities such as Harbin, Chongqing, Shanghai and Guiyang, the ranks of three 
slopes vary significantly, indicated by huge differences between the ranks of NPV per kW, PB and 
IRR.  
According to Table 5.5, subsidy reduction has the greatest impact on the NPV per kW of Kunming, 
Harbin and Hohhot. By contrast, the subsidy cut least affects the NPV per kW of Guangzhou, Guiyang 
and Chongqing. In terms of PB, Urumqi, Chengdu and Chongqing are most vulnerable to the subsidy 
change among the 12 cities, while Shanghai, Tianjin and Harbin experience the least impact. 
Regarding IRR, the top three cities that are most subject to the subsidy change are Hohhot, Urumqi 
and Kunming. However, the subsidy change has the smallest impact on the IRR of Guangzhou, 
Shanghai, Guiyang and Tianjin among all 12 cities. 
When considering all three ranks, Urumqi, Hohhot and Kunming are most vulnerable to the 
reduction of the national subsidy. By contrast, Guangzhou, Tianjin, Guiyang and Shanghai are least 
economically vulnerable to the subsidy cut. Further, the subsidy change has less impact on 
Chongqing and Taiyuan. A summary table of the above results is provided (see Table 5.6). There are 
four levels, which depends on the overall rank in Table 5.5: rank 1-3 for “High”; rank 4-6 for “high-
medium”; rank 7-9 for “medium-low”; and rank 10-12 for “low”.   
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Table 5.6 Summary of the NPV per kW, PB, IRR and overall sensitivity of the 12 cities when the national subsidy changes 
Sensitivity High High-Medium  Medium-low Low 
NPV per kW Kunming 
Hohhot 
Harbin 
 
Shenzhen 
Urumqi 
Taiyuan 
Shanghai 
Tianjin 
Chengdu 
 
Guangzhou 
Chongqing 
Guiyang 
PB Urumqi 
Chongqing 
Chengdu 
Hohhot 
Kunming 
Guiyang 
Taiyuan 
Shenzhen 
Guangzhou 
Shanghai 
Harbin 
Tianjin 
IRR Urumqi 
Hohhot 
Kunming 
Harbin 
Chengdu 
Shenzhen 
Taiyuan 
Chongqing  
 
Shanghai 
Tianjin 
Guangzhou 
Guiyang 
Overall Urumqi 
Hohhot 
Kunming 
Chengdu  
Harbin 
Shenzhen 
Taiyuan  
Chongqing 
Shanghai  
Tianjin 
Guangzhou 
Guiyang 
 
In order to better understand the causes of the above results, we should refer to the specific 
background of each city. Table 5.7 provides the amount of total energy generation in the 12 cities 
throughout the whole lifespan and the ranks. Table 5.8 shows the information of local electricity 
price and local subsidy.   
Urumqi, Hohhot and Kunming are most subject to the subsidy, mainly because they have high 
energy generation while the electricity price and its growth rate are low. The electricity price is the 
lowest in Urumqi, followed by Kunming. Hohhot has a negative growth rate. Although the electricity 
price and growth rate seem also low in Chengdu and Chongqing, the amount of electricity 
generation in these cities are also small. Harbin and Shenzhen are the opposite. 
Guangzhou, Tianjin, Guiyang and Shanghai are least economically vulnerable to the subsidy cut. 
Guangzhou and Guiyang have very low energy generation. The performance of energy generation in 
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Tianjin is also less satifsfactory. Shanghai has the best energy output among these three cities, 
especially in Scenario 2 – roof BIPV and Scenario 3 – roof BIPV. Shanghai has the top electricity price 
and growth rate. Tianjin has the second highest electricity price and the third highest growth rate. 
Although the electricity price in Guiyang is not as high as that of Shanghai, Tianjin and Guangzhou, 
the electricity price growth rate in Guiyang is the fourth highest among all 12 cities. Meanwhile, 
Guangzhou and Shanghai provide a local subsidy, which also contributes to their low sensitivity. 
Table 5.7 Summary of 25 years of energy generation in the 12 cities and their ranks (unit: kWh) 
City Scenario 1 - 
roof BAPV 
Rank Scenario 
2 – roof 
BIPV 
Rank Scenario 
3 – roof 
BIPV 
Rank Scenario 4 
– roof 
BAPV 
Rank Scenario 5 – 
façade 
BAPV 
Rank 
Urumqi 48092285 6 2312236 6 2312236 6 546870 6 613252 3 
Hohhot 50522977 3 2352968 4 2352968 4 551163 3 617135 2 
Harbin 52932524 2 2319267 5 2319267 5 555418 2 643143 1 
Taiyuan 48740273 4 2274184 7 2274184 7 548014 4 612926 4 
Tianjin 43664456 8 2097291 11 2097291 11 539050 8 593667 6 
Shanghai 46199702 7 2369064 3 2369064 3 543529 7 582937 7 
Chengdu 40990967 9 2186486 8 2186486 8 534329 9 567799 9 
Chongqing 39845702 11 2155379 9 2155379 9 532306 10 559172 12 
Shenzhen 48536026 5 2516981 2 2516981 2 547655 5 579325 8 
Guangzhou 36774678 12 1902819 12 1902819 12 526882 12 562231 10 
Kunming 53634896 1 2673963 1 2673963 1 556660 1 603163 5 
Guiyang 40121265 10 2141589 10 2141589 10 532793 11 559544 11 
 
Table 5.8 Summary of electricity price and growth rate in the 12 cities and their ranks 
City Local 
Electricity 
Policy 
Local Electricity 
Price RMB/kWh  
Rank Local Electricity Price 
Growth Rate 
Rank Local Subsidy 
Policy 
Urumqi Fixed price 0.5850 12 0.59% 9 
 
Kunming Fixed price 0.6550 11 2.08% 5 
 
Guiyang Fixed price 0.7224 10 2.60% 4 
 
Hohhot Fixed price 0.7440 9 -0.08% 11 
 
Chengdu Fixed price 0.7799 8 -0.37% 12 
 
Chongqing Fixed price 0.7925 7 0.07% 10 
 
Shenzhen Fixed price 0.8616 6 2.04% 6  
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Harbin Fixed price 0.8665 5 1.12% 8 
 
Guangzhou Fixed price 0.8983 4 2.04% 6 One-off subsidy: 
RMB 0.2/w (max 
2,000,000) 
Taiyuan TOU price 0.6963 
(11-18;7-8) 
1.0076 
(8-11;18-23) 
0.4068 (23-7) 
3 4.72% 2 
 
Tianjin TOU price 0.8367 
(7-8 11-18) 
1.2035 (8-11;18-23) 
0.5522(23-7) 
2 3.17% 3 
 
Shanghai 2-season 
TOU price 
Summer (July, 
August, September) 
1.095(6-22) 
0.541(22-6)  
Other Seasons 
1.060(6-22) 
0.506(22-6) 
1 7.51% 1 For industrial and 
commercial 
building 
5-year subsidy: 
RMB 0.25/kWh  
 
 Implications  
Four matrixes are developed based on Table 5.4 and Table 5.6. The horizontal axis represents the 
economic performance while the vertical axis stands for the sensitivity. Four quadrants are divided 
up and each of them can provide implications for both the investors and policy-makers.  
As shown in Figure 5.4, Urumqi and Hohhot have bad NPV per kW performance and high sensitivity, 
which indicates that a subsidy can play an important role in improving the bad NPV per kW 
performance of building PV applications. By contrast, a subsidy is not as efficient as an incentive for 
Chengdu and Chongqing. Tianjin, Guangzhou and Guiyang are suitable for investing in PV projects 
regardless of the subsidy change. The high vulnerability to the subsidy reduction of cities like Harbin, 
Kunming and Taiyuan suggests that investors should take quick action when the subsidy is still 
advantageous.  
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Figure 5.4 Matrix of NPV per kW performance and sensitivity in the 12 cities 
Figure 5.5 illustrates the combination relationship between PV performance and its sensitivity when 
confronting the subsidy reduction. Half of the 12 cities are in the area of bad PB performance and 
high sensitivity, where policy-makers can use a subsidy as an efficient method to shorten the PB. On 
the other hand, the 5 cities that demonstrate good PB performance and low sensitivity are most 
suitable for investing at the risk of subsidy cut.  
 
Figure 5.5 Matrix of PB performance and sensitivity in the 12 cities 
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Figure 5.6 demonstrates the 12 cities’ IRR performance and sensitivity. Chongqing, Guiyang and 
Guangzhou have a bad IRR performance but the subsidy cannot be considered as an effective 
strategy to improve this. Other incentives should be considered in these cities. Cities like Taiyuan, 
Tianjin and Shanghai are attractive investment options for investors favoring IRR. 
 
Figure 5.6 Matrix of IRR performance and sensitivity in the 12 cities 
Figure 5.7 presents an overall analysis of economic performance and sensitivity by considering all 
three economic indicators. For the 4 cities in the quadrant of high sensitivity and bad performance, 
the policy-makers should be careful with the subsidy change. In order to improve the economic 
performance in these cities, improving the subsidy can be seen as a good strategy. By contrast, in 
cities like Guiyang and Guangzhou, which are not very sensitive to the subsidy, the government 
should consider other incentives to improve the economic performance efficiently. Investors should 
be cautious of cities in the quadrant of high sensitivity and good performance, as the subsidy change 
will greatly affect their economic performance, although it is still acceptable. In order to achieve a 
higher economic performance, investors should not delay in investment timing when there is a risk 
of a shrinking subsidy. Taiyuan, Tianjin and Shanghai can be seen as the best areas to invest in PV 
projects, even when confronting the cancellation of a subsidy.   
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Figure 5.7 Matrix of overall performance and sensitivity in the 12 cities 
 
5.3.3 The impact of urban environment 
As discussed in Section 4.3, shading loss should be considered as the first challenge in the urban 
environment. This largely affects the generation and economic performance of the building PVs. 
Thus, the combining impacts of the national subsidy and shading loss on the economic performance 
of the case study building PV systems must be examined. Twelve cities were selected and five 
building PV scenarios were developed in the study. The relationship between economic performance 
and shading loss/national subsidy has been explained in Section 4.3 and Section 5.3. The two 
variables in the established equations are not related to each other; rather, they are independent. 
Therefore, with the assistance of the MATLAB program, the combination of analysis of the two 
variables is conducted. The range of shading loss is set from 3% (i.e. the default value) to 100% and 
the range of national subsidy is from RMB 0.42/kWh to 0.  
The results of the analysis show a similar trend path in the 12 cities for the same building PV 
scenario. Thus, for a better understanding of the relative impact of shading loss and national subsidy 
on economic performance, two cities are selected to demonstrate the analysis results. The first city 
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is Shanghai, which is the city with the most outstanding economic performance (Figure 5.8). The 
other city is Urumqi, which is the city with the least satisfactory performance (Figure 5.9). According 
to Figure 5.8 and Figure 5.9, for each economic indicator, the figures follow the same pattern. The 
graphs of NPV per kW results can be considered as planes, where there is no abrupt change on the 
surface. By contrast, the graphs of PB and IRR are all curved surfaces, which become more abrupt as 
the shading loss increases.  
The differences between the best city and worst city are obvious from the two figures, especially for 
the PB performance. As shown in Figure 5.8, the PB of the five scenarios seems to be affected more 
by the increase of shading loss than the decrease of national subsidy. On the other hand, the PB 
performance in Urumqi is unsatisfactory. For the five scenarios, they cannot be break-even within 25 
years when considering the shading loss and national subsidy change. Figure 5.9 shows that a higher 
national subsidy can be of more benefit for the PB performance in Urumqi.  
In Section 4.2.2.3, a heavy shading scenario is established, which is 25% shading loss. According to 
Figure 5.8, when the shading loss is below 25%, the economic performance of five scenarios 
considering the national subsidy reduction is still above the standard set in Section 5.2. The results 
prove the economic viability of building PV projects in Shanghai, even when confronting the 
deceasing national subsidy in urban areas of high density. On the other hand, according to Figure 
5.9, when considering the shading loss along with national subsidy change, most PBs cannot achieve 
the standard. Among all five scenarios in Urumqi, Scenario 1 – roof BAPV, Scenario 3 – roof BIPV and 
Scenario – façade BIPV have a better capacity for sustaining the shading loss when confronting the 
national subsidy at the same time.  
Furthermore, by referring to the figures, the investors and policy-makers can find out the boundary 
condition that makes each kind of building PV applications unfeasible (i.e. NPV<0; PB>25; IRR<5%) 
when taking into consideration the increasing city density.  
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NPV per kW PB IRR 
   
Scenario 1 – roof BAPV 
   
Scenario 2 – roof BIPV 
   
Scenario 3 – roof BIPV 
   
Scenario 4 – roof BAPV 
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Scenario 5 – façade BIPV 
Figure 5.8 NPV per kW, PB and IRR of 5 scenarios in Shanghai when considering national subsidy and shading loss 
NPV per kW PB IRR 
   
Scenario 1 – roof BAPV 
   
Scenario 2 – roof BIPV 
   
Scenario 3 – roof BIPV 
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Scenario 4 – roof BAPV 
   
Scenario 5 – façade BIPV 
Figure 5.9 NPV per kW, PB and IRR of 5 scenarios in Urumqi when considering national subsidy and shading loss 
5.4 Summary  
At present, building PV applications in China still benefit from the national subsidy, which is expected 
to be eliminated by 2020. Hence, it is essential and urgent to investigate the impact of national 
subsidy change on the economic performance of different kinds of building PV applications. By 
changing the national subsidy and keeping other variables the same, the subsidy’s impact on 5 PV 
scenarios in the 12 cities is analyzed in this chapter. Through linear regression, the sensitivity of the 
subsidy on the economic performance is also studied. Based on the results and discussion, 
suggestions regarding national subsidy change are provided for both investors and policy-makers. 
Meanwhile, the impact of shading loss is examined, using both Shanghai and Urumqi as examples. 
Besides, these findings can provide a reference for improving supportive incentives in other 
countries, which suggests that the type of building PV application and geographic location should be 
considered when establishing a subsidy scheme. 
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Chapter 6  The impact of electricity price change on financial suitability of 
different PV systems across China 
6.1 Introduction 
For distributed building PV projects with 100% self-consumption ratio, the saved electricity bill 
makes up the main economic benefit apart from the subsidy provided by the government. In China, 
the retail electricity price is under the strict control of the government. However, the ongoing 
electricity system reform aims to shift the electricity market from regulated stringently by the 
government to oriented mainly by the market. Hence, it becomes harder to predict the electricity 
price trend. This chapter discusses how the change of retail electricity price affects the economic 
performance of different PV systems across China.  
The structure of this chapter is as follows: (1) the analysis process is discussed in Section 6.2; (2) the 
results are provided and discussion from different perspective is carried out in section 6.3, including 
an additional analysis considering shading loss impact in the urban environment; and (3) section 6.4 
is the conclusion of the chapter.  
6.2 Analysis process 
In this study, as shown in the Eq. (4), an annual growth rate on the electricity price is involved, 
making the retail electricity price change throughout the 25 years. In order to study the impact of 
electricity price change on the economic performance, the electricity growth rate is chosen as the 
changing variable.  
The established MATLAB program performs the calculation. In order to investigate the impact of the 
electricity price change on the economic performance of the PV projects, the program generates the 
result of NPV per kW, PB and IRR of each scenario in each city by changing the electricity growth rate 
in a given range, while keeping other variables the same. The range of tariff growth rate is from -
1.37% (i.e. the average of all negative tariff growth rates in China) to 7.52% (i.e. the highest tariff 
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growth rate), based on the study of Wang and Zhang (2016). The results of NPV per kW, PB and IRR 
using four different electricity price growths rate are generated, as shown in Appendix 4. Four 
circumstances are established to represent different outlooks for the electricity price: (1) local 
growth rate; (2) average growth rate in China, which is 1.71%; (3) the highest growth rate, which is 
7.52% (i.e. the growth rate in Shanghai); and (4) the average of negative growth rate, which is -
1.37%. Using the same assessment standard in Chapter 5, Table 6.1 provides a clear demonstration 
of the economic performance in terms of NPV per kW, PB and IRR, where the black ticks means the 
results meet the standard while red crosses stand for the opposite.  
According to the results generated by the MATLAB program, the best fitting equation for the 
relationship between the tariff growth rate and each economic indicator is found. The relationship 
between the tariff growth rate and the NPV per kW is not linear, while the relationship between 
tariff growth rate and PB and IRR can be considered as linear. Hence, the sensitivity analysis in the 
chapter is not the same as in the previous chapter. The analysis of NPV per kW is separated based on 
the graphs made by the MATLAB program.  
6.3 Results and discussion 
In this section, the results and discussion are conducted under the two main categories: (1) the 
economic assessment based on the PV applications (i.e. the 5 scenarios of building PV systems) and 
the geographic location (i.e. the 12 cities); and (2) the sensitivity analysis of all five scenarios in the 
12 cities. Table 6.1 presents a summary of the economic performances using the same standard as in 
Chapter 5. The economic performance under different circumstance of electricity price growth is 
analyzed first, followed by the sensitivity analysis according to the results generated by the MATLAB 
program. Next, a combination analysis provides implications for both policy-makers and investors. 
The analysis of shading loss impact is also included.  
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Table 6.1 Summary of the economic performance of 5 scenarios in the 12 cities under 4 electricity growth rates 
according to the standard 
Scenario Economic 
indicator 
City Electricity price growth rate 
-1.37% 1.71% Local 7.52% 
Scenario 1 
– roof 
BAPV 
NPV per kW All cities √ √ √ √ 
PB All cities √ √ √ √ 
IRR All cities √ √ √ √ 
Scenario 2 
– roof BIPV 
NPV per kW All cities √ √ √ √ 
PB Chengdu × × × √ 
Chongqing × × × × 
Guangzhou × × × × 
Guiyang × × × × 
Harbin × × × √ 
Hohhot × × × √ 
Kunming × × × √ 
Shenzhen × √ √ √ 
Taiyuan × √ × √ 
Tianjin × × × √ 
Urumqi × × × × 
Shanghai √ √ √ √ 
IRR Chengdu × √ × √ 
Chongqing × √ × √ 
Guangzhou × √ √ √ 
Guiyang × × √ √ 
Hohhot × √ √ √ 
Kunming × √ √ √ 
Taiyuan × √ √ √ 
Tianjin × √ √ √ 
Urumqi × × × √ 
Other cities √ √ √ √ 
Scenario 3 
– roof BIPV 
NPV per kW All cities √ √ √ √ 
PB All cities √ √ √ √ 
IRR All cities √ √ √ √ 
NPV per kW All cities √ √ √ √ 
PB Chengdu × × × √ 
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Scenario 4 
– roof 
BAPV 
Chongqing × × × √ 
Guangzhou × × × √ 
Guiyang × × × √ 
Urumqi × × × √ 
Other cities √ √ √ √ 
IRR Guiyang × √ √ √ 
Other cities √ √ √ √ 
Scenario 5 
– façade 
BIPV 
NPV per kW All cities √ √ √ √ 
PB Chongqing × √ √ √ 
Guiyang × √ √ √ 
Other cities √ √ √ √ 
IRR All cities √ √ √ √ 
  
6.3.1 Economic performance of 5 scenarios across the 12 cities 
 Economic performance across 5 scenarios 
• NPV per kW 
As shown in Appendix 4, when the growth rate is -1.37%, the NPV per kW of all scenarios reaches 
the lowest while the highest NPV per kW appears at the growth rate of 7.51%. The NPV per kW of all 
five scenarios are positive under four circumstances of electricity price growth rate according to 
Table 6.1.  
In order to compare between each scenario, the average of NPV per kW of each scenario across the 
12 cities is calculated, as shown in Table 6.2. It is clear that Scenario 3 – roof BIPV has the highest 
NPV per kW under all four different circumstances of electricity price growth rate. On the other 
hand, the lowest NPV per kW appears in Scenario 4 – roof BAPV when the growth rate is -1.37%, 
1.71% and at local level. When the growth rate equals to 7.52%, the lowest NPV per kW happens in 
Scenario 5 – façade BIPV. The NPV per kW of Scenario 2 – roof BIPV is higher than that of Scenario 1 
– roof BAPV except when the growth rate is -1.37%. 
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Table 6.2 Average of NPV per kW of the 12 cities for each scenario under different electricity price growth rates 
Scenario Electricity price growth rate 
-1.37% 1.71% Local 7.52% 
Scenario 1 – roof BAPV 10215 14235 16031 28608 
Scenario 2 – roof BIPV 9515 18923 23182 52563 
Scenario 3 – roof BIPV 21975 31382 35642 65023 
Scenario 4 – roof BAPV 7717 12358 14431 28954 
Scenario 5 – façade BIPV 9152 13255 15000 27928 
 
• PB 
Scenario 1 – roof BAPV and Scenario 3 – roof BIPV replacing curtain wall can become break-even 
within 10 years under all four circumstance of electricity price growth, as shown in Table 6.1. Even 
when the growth rate is negative, the PB of these two scenarios is less than 9 years. Compared with 
Scenario 1 – roof BAPV, the PB performance of scenario 4 – roof BAPV is not quite satisfactory in 
Chengdu, Chongqing, Guangzhou, Guiyang and Urumqi. Only when the growth rate is 7.52%, can 
scenario 4 – roof BAPV be paid back within 10 years.  
For Scenario 5 –façade BIPV, the PBs under four growth rates can be under 10 years in most cities 
except Chongqing and Guiyang. When the growth rate is -1.37%, the PBs in Chongqing and in 
Guiyang are 11 years and 12 years, respectively.   
As shown in Table 6.1, Scenario 2 – roof BIPV replacing concrete wall has the worst performance in 
terms of PB. Even when the growth rate is under the highest condition, PBs in Chongqing, 
Guangzhou, Guiyang and Urumqi are above 10 years. Shanghai is the only city that can achieve a 
below-10-year PB under all 4 circumstances of growth rate.  
In general, BPAV with large capacity has a better PB performance than BAPV with small capacity. 
Roof BIPV replacing glazing and façade BIPV also have a good performance in terms of PB. 
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• IRR 
As shown in Table 6.1, the IRRs of Scenario 1 – roof BAPV, Scenario 3 – roof BIPV and Scenario 5 –
façade BIPV are above 9% under all four growth rates.  
For Scenario 4 – roof BAPV, most of IRRs can be more than 9% under 4 different growth rate in all 
selected cities except for Guiyang. When the growth rate is -1.37%, the IRR of Scenario 4 – roof BAPV 
in Guiyang cannot meet the standard. 
Scenario 2 – roof BIPV replacing concrete wall has the worst performance among all the scenarios. 
The IRRs in Shanghai, Harbin and Shenzhen can be higher than 9% regardless of the electricity price 
growth rate. When the growth rate is negative, 9 out of the 12 cities have a below-9% IRR. When the 
growth rate equals to the average growth rate, the IRRs of Guiyang and Urumqi are the only two 
cities below the standard.  
When considering all three economic indicators, it is clear that Scenario 3 – roof BIPV replacing 
curtain wall has the best overall economic performance, followed by Scenario 1 – roof BAPV and 
Scenario 5 – façade BIPV. Scenario 2 – roof BIPV replacing concrete wall performs the worst under 
different circumstances of tariff growth rate.  
The main findings are summarized in Table 6.3.  
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Table 6.3 Summary of the economic performance of 5 scenarios from the perspective of NPV per kW, PB, IRR and overall 
performance under the change of electricity price growth rate 
Performance Least satisfactory Less satisfactory Satisfactory Most satisfactory 
NPV per kW Scenario 4 – roof 
BAPV  
Scenario 5 – 
façade BIPV 
Scenario 1 – roof 
BAPV 
Scenario 2 – roof 
BIPV 
Scenario 3 – roof 
BIPV 
PB Scenario 2 – roof 
BIPV 
Scenario 4 – roof 
BAPV 
Scenario 5 –façade 
BIPV 
Scenario 1 – roof 
BAPV  
Scenario 3 – roof 
BIPV 
IRR Scenario 2 – roof 
BIPV 
Scenario 4 – roof 
BAPV 
Scenario 1 – roof BAPV, Scenario 3 – 
roof BIPV and Scenario 5 –façade BIPV 
Overall Scenario 4 – roof 
BAPV  
Scenario 2 – roof 
BIPV 
Scenario 1 – roof 
BAPV 
Scenario 5 – 
façade BIPV  
Scenario 3 – roof 
BIPV 
 
 Economic performance across the 12 cities 
• NPV per kW 
According to Table 6.1, all cities can have a positive NPV per kW under four circumstances of the 
electricity price growth rate. In order to compare between cities, the average NPV per kW of all 
scenarios across the 12 cities and their ranks are generated, as shown in Table 6.4. There is no 
significant difference between the ranks of 5 scenarios in each city. Generally, Shanghai has the best 
performance in terms of NPV per kW, exceeding other cities under the same condition of electricity 
price growth rate. The only exception is that the NPV per kW of scenario 5 – façade BIPV in Harbin is 
larger than that in Shanghai when growth rate is 7.51%. On the contrary, Guiyang and Urumqi are 
the bottom two cities in terms of NPV per kW. According to the overall rank, the NPV per kW 
performances of 12 cities are categorized, as shown in Table 6.5. 
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Table 6.4 Summary of the average NPV per kW under 4 electricity growth rates in the 12 cities and their ranks 
City Scenario 1 – roof 
BAPV 
Scenario 2 – roof 
BIPV 
Scenario 3 – roof 
BIPV 
Scenario 4 – roof 
BAPV 
Scenario 5 – façade 
BIPV 
Average 
NPV per 
kW of 5 
scenarios 
Overall 
rank 
Average 
NPV per 
kW 
Rank Average 
NPV per 
kW 
Rank Average 
NPV per 
kW 
Rank Average 
NPV per 
kW 
Rank Average 
NPV per 
kW 
Rank 
Chengdu 13007 9 19648 10 32108 10 10942 9 10260 10 17193 9 
Chongqing 12790 10 19832 9 32292 9 10692 10 8995 11 16920 10 
Guangzhou 13961 8 20154 8 32614 8 12024 8 12307 9 18212 8 
Guiyang 12299 11 17905 11 30365 11 10125 11 8505 12 15840 11 
Harbin 21911 2 28693 3 41152 3 21222 2 27667 1 28129 2 
Hohhot 17042 6 21869 7 34329 7 15601 6 18451 5 21458 7 
Kunming 16963 7 25523 6 37982 6 15510 7 14422 7 22080 6 
Shanghai 29414 1 57277 1 69737 1 29883 1 26073 2 42477 1 
Shenzhen 19759 3 34685 2 47145 2 18737 3 14949 6 27055 3 
Taiyuan 18752 5 25978 5 38438 5 17574 5 20498 3 24248 5 
Tianjin 19132 4 28232 4 40692 4 18013 4 20244 4 25263 4 
Urumqi 12238 12 12754 12 25214 12 10054 12 13637 8 14779 12 
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• PB 
Based on Table 6.1., in terms of PB, Shanghai has the best performance; there is no above-10-year 
PB under any circumstance. Shenzhen follows with one circumstance and Taiyuan with two. Harbin, 
Hohhot, Tianjin and Kunming can be considered as the second best group. Guiyang has the worst PB 
performance among all 12 cities. The category of PB performance is presented in Table 6.5. 
• IRR 
Regarding IRR, all 5 scenarios can be beyond the standard in Shanghai, Harbin and Shenzhen. The 
second best group of cities consists of Hohhot, Kunming, Guangzhou, Taiyuan and Tianjin. Guiyang 
and Urumqi are considered as the group of worst performance in terms of IRR. Table 6.5 provides 
the category of IRR performance. 
When taking NPV, PB and IRR into consideration, Shanghai, Shenzhen and Harbin can be seen as the 
top group that performs best among all 12 cities. By contrast, Guiyang and Urumqi have the least 
satisfactory economic performance. The classification of the overall performance is also provided in 
Table 6.5. 
 
 
 
 
 
 
 
 
112 
 
Table 6.5 Summary of the economic performance of the 12 cities from the perspective of NPV per kW, PB, IRR and 
overall performance under different electricity price growth rates 
Performance Least satisfactory Less satisfactory Satisfactory Most satisfactory 
NPV per kW Chongqing 
Guiyang 
Urumqi 
 
Hohhot 
Guangzhou 
Chengdu  
 
Tianjin 
Taiyuan  
Kunming 
Shanghai  
Harbin  
Shenzhen 
PB Guiyang Chengdu  
Chongqing 
Urumqi 
Guangzhou 
Tianjin 
Harbin  
Hohhot 
Kunming 
Shanghai  
Shenzhen 
Taiyuan 
IRR Guiyang 
Urumqi 
 
Chengdu  
Chongqing 
 
Hohhot 
Kunming 
Guangzhou 
Taiyuan 
Tianjin 
Shanghai  
Harbin  
Shenzhen 
 
Overall Guiyang 
Urumqi 
 
Guangzhou 
Chengdu  
Chongqing 
 
Taiyuan 
Tianjin 
Hohhot 
Kunming 
Shanghai  
Shenzhen 
Harbin 
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6.3.2 Analysis of 5 scenarios across the 12 cities 
With the assistance of the MATLAB program, it is easy to generate the graphs of the relationship 
between the electricity price growth rate and the economic performance of the building PV project. 
The results of NPV per kW of each scenario in each city can be obtained by changing the electricity 
growth rate in a given range, while keeping other variables the same. The range of tariff growth rate 
is set from -1.37% (i.e. the average of all negative tariff growth rates in China) to 7.52% (i.e. the 
highest tariff growth rate), based Wang and Zhang’s 2016 study. Interestingly, the relationship 
between NPV per kW and electricity growth rate is clearly non-linear. However, in terms of the PB 
and IRR, the graphs show that their relationships can be considered as linear. Thus, in this section, 
the analysis of NPV per kW is discussed separately. The analysis method of PB and IRR is the same as 
in Chapter 5.  
 NPV per kW 
The results of the NPV per kW of each scenario in the 12 cities are shown in Appendix 5 Figure (1). In 
the figure, the triangle on each line represents the NPV per kW of the city using the local tariff 
growth rate, as shown in Table 2.14. Each line illustrates the changing trend of the NPV per kW in 
each city. There are similarity and difference among the five graphs. In order to better understand 
the causes of the results, we should also refer back to the specific background of each city. The 
amount of total energy generation of the 5 scenarios in the 12 cities throughout the whole lifespan 
and the ranks are presented in Table 5.7. 
For all five scenarios in the 12 cities, it is apparent that the relationship between tariff growth rate 
and the NPV per kW is not linear. Instead, the lines within the given range fit the cubic function. 
Hence, the NPV per kW rises significantly as the tariff growth rate increases. When comparing each 
scenario, generally, the tariff growth rate has a greater impact on the NPV per kW of Scenario 2 and 
Scenario 3. For each scenario, there are some cities whose NPV per kW are affected more greatly by 
the tariff growth rate than other cities.  
114 
 
Among all five the graphs, the graph of Scenario 5 is noticeably different from other scenarios, 
mainly because Scenario 5 is the façade building PV while the others are roof PV systems. 
Furthermore, the graphs of Scenario 1 and Scenario 4 are quite similar and so are the graphs of 
Scenario 2 and Scenario 3. This is because Scenario 1 and Scenario 4 are roof BAPVs while Scenario 2 
and Scenario 3 are roof BIPVs. For all roof building PV systems, Shanghai is the city with the highest 
NPV per kW among all the cities under the same tariff growth rate. Shanghai is also the city in which 
NPV per kW is affected most greatly by the electricity price growth rate. However, for Scenario 5 – 
façade BIPV, Harbin excels Shanghai and becomes the city with the highest NPV per kW and the 
greatest sensitivity to the tariff growth rate. According to Table 5.7, Harbin has the highest energy 
generation using the façade BIPV because of its highest latitude among all 12 cities. 
For all the roof PV scenarios, Kunming has the highest energy generation among all the cities and 
almost the lowest electricity price, as shown in Tables 5.7 and 5.8. The lines of Shanghai, Shenzhen, 
Harbin and Tianjin of four scenarios are all above the line of Kunming. The electricity prices of the 
four cities are among the top five highest. Meanwhile, except for Tianjin, the electricity generation 
of Shanghai, Shenzhen and Harbin is relatively high. On the other hand, Urumqi and Guiyang are 
worth analyzing, as they are the lowest two lines of the four roof PV scenarios. The energy 
generation of Urumqi is medium, while that of Guiyang is quite low, as shown in Table 5.8. However, 
the electricity price of Guiyang is higher than that of Urumqi. For the two roof BAPVs (i.e. Scenario 1 
and Scenario 4), although the line of Urumqi is above the line of Guiyang in the given range, the 
distance between the two lines becomes smaller as the tariff growth rate increase, which indicates 
that the NPV per kW of Urumqi is less affected by the tariff growth rate. The situation of two roof 
BIPVs (i.e. Scenario 2 and Scenario 3) is the opposite, where the line of Guiyang is always higher than 
the line of Urumqi and the gap between the two lines becomes bigger. However, the result also 
indicates that the tariff growth rate has less impact on the NPV per kW of Urumqi for roof building 
PV scenarios.  
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Regarding the façade building PV scenario (i.e. Scenario 5), the cities with the lowest energy output 
represent the four lowest lines, below the line of Urumqi. Guiyang is the city with the lowest NPV 
per kW and the least sensitivity to the electricity price change.  
To quantify how the electricity growth rate affects the NPV per kW based on the results, three 
different fitting equations are tested through the MATLAB program, including linear equation, 
quadratic equation and cubic equation. According to the comparison, the results can be best fit in 
the cubic equation. Figure 6.1 provides an example of the comparison of three fitting equations for 
NPV per kW of Scenario 4 in Taiyuan. The form of the cubic equation is Y=ax3+bx2+cx+d. For a better 
comparison of the NPV per kW results, the a in the cubic equation of each line is collected and the 
rank of the 12 cities for each scenario is also generated, as shown in Table 6.7.  
 
Figure 6.1 Three fitting equations for NPV per kW results of Scenario 4 in Taiyuan 
 PB and IRR 
The PB and IRR results are shown in Appendix 5 Figure (2) and Figure (3) respectively, which indicate 
that the relationship between electricity growth rate and PB/IRR can be considered as linear. Thus, 
the analysis method in Chapter 5 is also applied here. Through MATLAB program, the linear 
equations of these results are generated. The slope of each line is collected in Table 6.6.   
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Table 6.6 Summary of the analysis of 5 scenarios in the 12 cities and their ranks among the 12 cities 
Cities Scenario NPV per kW PB IRR 
a Rank  Slope Rank  Slope Rank  
Urumqi Scenario 1 – roof BAPV 5.4970E+06 12 5.11 10 0.6993 12 
Scenario 2 – roof BIPV 1.2445E+07 12 75.67 1 0.7596 11 
Scenario 3 – roof BIPV 1.2445E+07 12 14.32 3 0.7330 11 
Scenario 4 – roof BAPV 6.3460E+06 12 42.95 5 0.7643 11 
Scenario 5 – façade BIPV 6.2764E+06 9 12.27 6 0.7352 12 
Hohhot Scenario 1 – roof BAPV 7.3443E+06 5 12.27 4 0.7334 10 
Scenario 2 – roof BIPV 1.6107E+07 6 48.06 9 0.7862 10 
Scenario 3 – roof BIPV 1.6107E+07 6 5.11 8 0.7624 9 
Scenario 4 – roof BAPV 8.4788E+06 5 15.34 10 0.7852 10 
Scenario 5 – façade BIPV 8.1872E+06 4 5.11 11 0.7619 10 
Harbin Scenario 1 – roof BAPV 8.9615E+06 2 0.00 12 0.7542 5 
Scenario 2 – roof BIPV 1.8490E+07 3 47.04 10 0.8052 3 
Scenario 3 – roof BIPV 1.8490E+07 3 14.32 2 0.7832 3 
Scenario 4 – roof BAPV 1.0346E+07 2 15.34 9 0.7978 7 
Scenario 5 – façade BIPV 1.1135E+07 1 0.00 12 0.7654 8 
Taiyuan Scenario 1 – roof BAPV 7.2585E+06 6 9.20 8 0.7356 9 
Scenario 2 – roof BIPV 1.6037E+07 7 48.06 4 0.7892 9 
Scenario 3 – roof BIPV 1.6037E+07 7 9.20 7 0.7663 8 
Scenario 4 – roof BAPV 8.3797E+06 6 19.43 7 0.7890 8 
Scenario 5 – façade BIPV 8.1215E+06 5 9.20 7 0.7645 9 
Tianjin Scenario 1 – roof BAPV 7.9475E+06 4 14.32 7 0.7725 2 
Scenario 2 – roof BIPV 1.7950E+07 4 53.18 5 0.8182 2 
Scenario 3 – roof BIPV 1.7950E+07 4 0.00 12 0.7986 2 
Scenario 4 – roof BAPV 9.1751E+06 4 15.34 8 0.8230 2 
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Scenario 5 – façade BIPV 8.7012E+06 3 9.20 8 0.8046 6 
Shanghai Scenario 1 – roof BAPV 9.6496E+06 1 0.00 12 0.7359 8 
Scenario 2 – roof BIPV 2.3311E+07 1 12.27 12 0.7934 7 
Scenario 3 – roof BIPV 2.3311E+07 1 0.00 12 0.7480 10 
Scenario 4 – roof BAPV 1.1140E+07 1 15.34 11 0.7878 9 
Scenario 5 – façade BIPV 9.1533E+06 2 14.32 4 0.7726 7 
Chengdu Scenario 1 – roof BAPV 6.2462E+06 9 12.27 6 0.7523 6 
Scenario 2 – roof BIPV 1.5690E+07 10 56.24 3 0.7972 6 
Scenario 3 – roof BIPV 1.5689E+07 10 14.32 6 0.7751 5 
Scenario 4 – roof BAPV 7.2110E+06 9 49.08 2 0.8145 4 
Scenario 5 – façade BIPV 5.8541E+06 10 15.34 5 0.8178 4 
Chongqing Scenario 1 – roof BAPV 6.1698E+06 10 14.32 1 0.7571 4 
Scenario 2 – roof BIPV 1.5716E+07 9 49.08 8 0.8009 4 
Scenario 3 – roof BIPV 1.5716E+07 9 15.34 5 0.7792 4 
Scenario 4 – roof BAPV 7.1228E+06 10 44.99 1 0.8202 3 
Scenario 5 – façade BIPV 5.4640E+06 11 31.70 2 0.8329 2 
Shenzhen Scenario 1 – roof BAPV 8.1707E+06 3 12.27 9 0.7575 3 
Scenario 2 – roof BIPV 1.9953E+07 2 38.86 11 0.7979 5 
Scenario 3 – roof BIPV 1.9953E+07 2 0.00 12 0.7748 6 
Scenario 4 – roof BAPV 9.4328E+06 3 12.27 12 0.8055 6 
Scenario 5 – façade BIPV 7.1715E+06 6 12.27 10 0.8124 5 
Guangzhou Scenario 1 – roof BAPV 6.4545E+06 8 14.32 2 0.7737 1 
Scenario 2 – roof BIPV 1.5723E+07 8 59.31 6 0.8229 1 
Scenario 3 – roof BIPV 1.5723E+07 8 15.34 4 0.8037 1 
Scenario 4 – roof BAPV 7.4515E+06 8 50.11 3 0.8381 1 
Scenario 5 – façade BIPV 6.3844E+06 8 14.32 3 0.8331 1 
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Kunming Scenario 1 – roof BAPV 6.8640E+09 7 5.11 3 0.7094 11 
Scenario 2 – roof BIPV 1.6114E+07 5 46.02 7 0.7594 12 
Scenario 3 – roof BIPV 1.6114E+07 5 0.00 12 0.7322 12 
Scenario 4 – roof BAPV 7.9243E+06 7 17.38 6 0.7631 12 
Scenario 5 – façade BIPV 6.5590E+06 7 12.27 9 0.7583 11 
Guiyang Scenario 1 – roof BAPV 5.6630E+06 11 14.32 5 0.7421 7 
Scenario 2 – roof BIPV 1.4236E+07 11 63.40 2 0.7901 8 
Scenario 3 – roof BIPV 1.4236E+07 11 14.32 1 0.7675 7 
Scenario 4 – roof BAPV 6.5377E+06 11 49.08 4 0.8099 5 
Scenario 5 – façade BIPV 5.0030E+06 12 49.08 1 0.8246 3 
 
The situation regarding the sensitivity of the growth rate change on PB is presented in Table 6.6. The 
rank of the slopes of 5 scenarios varies significantly in some cities, such as Urumqi and Kunming. 
Based on the average of 5 ranks in one city, Shanghai, Shenzhen and Harbin are found to experience 
the least impact of the change of electricity price growth in terms of PB. Guiyang, Guangzhou and 
Chongqing are the top three cities where PB is heavily subject to the change of the electricity price 
growth rate.  
As shown in Table 6.6, the IRR of Guangzhou and Tianjin are most sensitive to the change of 
electricity price growth rate.  On the contrary, Kunming, Urumqi and Hohhot are least vulnerable to 
the fluctuation of the growth rate. 
When considering the overall sensitivity, Chongqing, Tianjin and Guangzhou are the top three cities 
that experience the largest impact due to the change of the electricity price growth rate. Kunming, 
Urumqi and Hohhot are least vulnerable to the change. Table 6.7 provides a summary of the 
categories based on the above discussion. 
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Table 6.7 Summary of the NPV per kW, PB, IRR and overall sensitivity of the 12 cities when the electricity growth rate 
varies 
Sensitivity High High-Medium Medium-low  Low  
NPV per kW Shanghai  
Harbin 
Shenzhen 
 
Tianjin 
Hohhot 
Kunming  
Taiyuan 
Chengdu  
Chongqing 
Guangzhou 
 
Urumqi 
Guiyang 
PB Guiyang 
Chongqing 
Guangzhou 
Taiyuan 
Urumqi 
Chengdu 
Tianjin 
Hohhot 
Kunming 
Shanghai 
Shenzhen 
Harbin 
IRR Guangzhou 
Tianjin 
Chongqing 
Harbin 
Chengdu 
Shenzhen 
Taiyuan 
Shanghai 
Guiyang 
Kunming 
Urumqi 
Hohhot 
Overall 
 
Chongqing 
Tianjin 
Guangzhou 
Shenzhen 
Chengdu 
Harbin 
Taiyuan 
Shanghai 
Guiyang 
Kunming 
Urumqi  
Hohhot 
 
 Implications  
Based on the findings in Section 6.2.2.1 and Section 6.2.2.2, four matrixes are developed to illustrate 
the performance and sensitivity of the 12 cities from the perspective of NPV per kW, PB, IRR and 
overall performance. Investors and policy-makers can benefit from these implications based on their 
preferred economic indicator.   
Figure 6.2 illustrates the NPV per kW performance and sensitivities under the change of electricity 
price growth rate. As shown in the figure, all 12 cities lie in two quadrants. For those cities in the 
field of bad NPV per kW performance and low sensitivity, PV projects are less worthy of investment, 
regardless of the potential fluctuation of the electricity price. Meanwhile, the policy-makers should 
seek for other policy incentives to stimulate the NPV per kW performance of these cities. On the 
other hand, in cities of the good performance and high sensitivity, investment in PV projects is more 
favorable when the electricity price is expected to experience a significant rise in the future, but still 
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bulidng PVs are worthy of investing in these cities. Besides, the policy-makers can adjust the 
electricity price with less concerns on the economic benefit of building PV projects in these cities   
because of the acceptable NPV performance. 
 
Figure 6.2 Matrix of NPV per kW performance and sensitivity in the 12 cities 
Figure 6.3 shows the combination of the BP performance and sensitivity in the 12 cities confronting 
different electricity price growth rate. 5 out of 12 cities lie in the quadrant of bad PB performance 
and high sensitivity, which indicates it is less safe to invest in building PV projects in these cities. 
However, the PB in these cities can be shortened significantly if the electricity growth rate is 
anticipated to be high. Hence, the policy-makers can promote the building PV projects in these cities 
if the local tariff is expected to rise significantly in the future. By contrast, half of the 12 cities lie in 
the area of good performance and low sensitivity, which means it is safe to invest in PB projects in 
these cities no matter how the electricity price will change in the future. Since PB is sensitive to 
change of electricity price growth rate in Taiyuan, the investor should pay more attention to the 
outlook of local electricity price in that city. Policy-makers can have less concerns on the impacts of 
the adjustment of the local tariff in the cities with good PB performance.  
121 
 
 
Figure 6.3 Matrix of PB performance and sensitivity in the 12 cities 
The combination of IRR performance and sensitivity is presented in Figure 6.4. It is clear that 
Guiyang and Urumqi are not suitable for PV investment even when the electricity price will rise 
greatly. On the contrary, although IRR performance of the Chengdu and Chongqing is not very 
strong, a high electricity growth rate can improve the IRR performance significantly. Hence, the 
policy-makers can promote the building PV projects in these two cities when there will be a 
significant growth in the local tariff in the future. For cities in the area of good performance and high 
sensitivity including Guangzhou, Tianjin, Harbin and Shenzhen, it is worth investing in PV projects. 
However, investors should be careful about the potential electricity price change, which can greatly 
affect the IRR performance. The IRR in cities like Taiyuan, Shanghai, Hohhot and Kunming can be 
guaranteed regardless of the change in the electricity price. For 8 out of 12 cities, the policy-makers 
do not need to worry too much on their IRR performance when adjusting their local tariff. 
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Figure 6.4 Matrix of IRR performance and sensitivity in the 12 cities 
An overall analysis considering all the economic parameters is also provided, as shown in Figure 6.5. 
Cities like Shanghai, Taiyuan, Hohhot and Kunming are the best locations to invest in PV projects, 
with the least impacts due to the electricity price change. On the contrary, Guiyang and Urumqi are 
not recommended for building PV projects because they are in the quadrant of bad overall economic 
performance and low sensitivity. For these two cities, the policy-makers should offer other 
incentives to efficiently improve the economic performance of the building PV systems. The 
investment of the building PV systems in Harbin, Shenzhen and Tianjin could be satisfactory, but 
investor still need to be cautious about the potential trend of electricity price if they persue a higer 
economic benefit. Although Guangzhou, Chongqing and Chengdu are less attractive to investors due 
to their satisfactory economic performance compared to other cities, their overall economic 
performance can be improved significantly by a high electricity price growth rate. 
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Figure 6.5 Matrix of overall performance and sensitivity in the 12 cities 
6.3.3 The impact of urban environment 
The importance of understanding the shading loss impact on the building PV projects in urban 
environment is discussed in Section 4.3. As a result, the analysis regarding the shading loss is 
conducted and discussed in Section 4.2.2.3 and Section 5.3.3. In this section, a similar analysis is 
carried out to investigate the combined relationship of the economic performance, the electricity 
growth rate and the shading loss. The input of shading loss is from 3% to 100%, which is the same 
range as in Section 5.3.3. The electricity growth rate is set from -1.37% to 7.52%. As the city with the 
most impressive performances, Shanghai and Urumqi are selected as the examples for the analysis. 
Figure 6.6 and Figure 6.7 show the analysis results generated by the MATLAB program for the two 
cities. 
According to Figure 6.6 and Figure 6.7, the figures of the same economic indicator appear in the 
similar way. For NPV per kW, the surface appears to be a plane with slight distortion. On the other 
hand, there are sharp curves in the graphs of PR and IRR. Thus, for PB and IRR, as the shading loss 
grows greater, the adverse effect on the economic performance becomes more obvious.  
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When comparing the two figures, it is clear that Shanghai has a better economic performance than 
Urumqi, especially when dealing with shading loss. When the shading impact is below the heavy 
shading condition (i.e. 25% shading loss), the influence of shading loss on the performance of PB and 
IRR in Shanghai seems to be less significant. Meanwhile, when the shading loss is under 25%, the 
overall economic performance, considering the change of electricity rate growth, is still attractive to 
investors. For Shanghai, with its high city density, the results indicate that, although the shading loss 
affects the economic outcomes of building PVs in Shanghai, the economic attractiveness of doing so 
can still be guaranteed when the loss is within a certain range.  
However, for Urumqi, when the shading loss is below 25%, Scenario 2 – roof BIPV and Scenario 4 – 
roof BAPV seem to be heavily affected by the shading loss. Unlike in Shanghai, there are huge 
differences between economic performances of the 5 scenarios in Urumqi when taking into 
consideration the shading loss. Scenario 1 – roof BAPV and Scenario 5 – façade BIPV may be the 
better choices for Urumqi.  
Moreover, based on the two figures, investors and policy-makers should be aware of the boundary 
condition leading to the failure of profitability of different kinds of building PVs in each city (i.e. 
NPV<0; PB>25; IRR<5%).    
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NPV per kW PB IRR 
   
Scenario 1 – roof BAPV 
   
Scenario 2 – roof BIPV 
   
Scenario 3 – roof BIPV 
   
Scenario 4 – roof BAPV 
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Scenario 5 – façade BIPV 
Figure 6.6 NPV per kW, PB and IRR of 5 scenarios in Shanghai when considering tariff growth rate and shading loss 
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Scenario 1 –  roof BAPV 
   
Scenario 2 – roof BIPV 
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Scenario 3 – roof BIPV 
  
 
Scenario 4 – roof BAPV 
   
Scenraio 5 – façade BIPV 
Figure 6.7 NPV per kW, PB and IRR of 5 scenarios in Urumqi when considering tariff growth rate and shading loss 
 
6.4 Summary 
This chapter investigates the impact of the change of electricity price on the economic performance 
of building PV systems by considering the change of local electricity growth rate. Based on the 
analysis results, recommendations are generated for both policy-makers and investors to better 
boost the uptake of building PV applications in China. For those scenarios with high NPV per kW and 
high sensitivity, the PV investment would become more favorable when the electricity price is 
expected to experience a significant rise in the future. Thus, investors should pay more attention to 
the outlook of electricity prices. At the same time, policy-makers should be cautious about the 
adjustment of retail electricity policy, as the overall economic benefit of building PV projects will be 
greatly influenced. Also, under the current electricity price growth rate, some scenarios in some 
cities are not suitable for investment compared with other cities. The research reveals that the 
investment of PV application with high sensitivity to the electricity price change can be encouraged 
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by the policy-makers when there is a high possibility that electricity price will increase greatly in the 
future. Additionally, the shading impact analysis is involved in this section to further understand its 
potential risk to the economic performance of building PV projects in urban areas of high density, 
taking Shanghai and Urumqi as examples. Furthermore, based on the findings, it is suggested that 
the difference of the regional electricity price change should be involved in the economic study of 
building PVs in other countries as well, considering the difference of economic level and prospect. 
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Chapter 7  Conclusions 
 
7.1 Introduction 
In this chapter, the conclusion of the research is presented. Section 7.2 provides a review of the 
research objectives. The major outcomes of the research are discussed in Section 7.3. The limitations 
of the research are summarized and recommendations for future research are provided in Section 
7.4. 
7.2 Review of research objectives 
China is experiencing rapid economic growth and urbanization. In the continuously growing urban 
areas in China, solar PV application in buildings is one of the most suitable renewable energy 
resources. The Chinese government is putting great effort into the promotion of different kinds of 
solar energy, especially distributed building PVs. There are two kinds of building PV systems, namely 
BAPV and BIPV. In China, BIPV has not been as widely adopted as BAPV. There is limited research 
comparing the economic performance of the different kinds of building PV systems, which hinders 
investment enthusiasm, especially for BIPVs. To boost the uptake of building PV applications in the 
urban areas of China, it is of great importance to improve investors and policy-makers’ 
understanding of the actual value of building PV projects. Meanwhile, policy changes can play an 
important role in the economic benefit of building PV projects in China. It is therefore necessary to 
improve the understanding of the impacts of policy-related factors on the economic performance of 
building PVs. 
Thus, the aim of the research is: 
To understand the financial implications for different distributed PV technologies in 
commercial buildings across China with policy changes. 
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According to the research aim, four research objectives are developed and completed through the 
research, which are: 
I. To identify different kinds of distributed PV applications available for use in commercial 
buildings in China and globally. 
II. To improve both investors and policy-makers’ understanding of the financial value of 
distributed PV projects across different geographic conditions in China. 
III. To identify impacts of national subsidy on financial value outcomes of PV applications 
and explore implications for national and local renewable energy incentives. 
IV. To identify impacts of electricity price on financial value outcomes of PV applications 
and explore implications for national and local renewable energy incentives. 
7.3 Research outcomes 
Firstly, through the literature review, different kinds of distributed PV applications (both BAPV and 
BIPV) available for use in commercial buildings are identified. The most popular building PV 
applications in China are also identified, which are the BAPV, roof BIPV and window BIPV. 
Secondly, a MATLAB program has been established to operate the calculation of energy generation, 
NPV per kW, PB and IRR of different kinds of building PV applications in the selected city. The 
program can analyze the impact of the different input parameters. 
Thirdly, the financial value of five different building PV applications is studied. The results show that, 
under current geographic condition and local policy, roof BIPV replacing glazing roof is the most 
attractive investment option for investors. In terms of cities, Shanghai is the first destination for both 
BAPV and BIPV investment, while cities including Guangzhou, Chengdu, Guiyang and Chongqing are 
not financially attractive to investors. These findings can improve the investment confidence of BIPV 
in China. Meanwhile, for the state and local government, the results provide suggestions for 
different cities regarding potential improvements to renewable energy incentives. 
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Fourthly, the research investigates the impacts of the national subsidy on financial value outcomes 
of PV applications. The results present the difference impacts of the subsidy on the NPV per kW, PB 
and IRR according to the type of building PV applications and the geographic location. The results 
can be categorized based on the economic performance and sensitivity to the subsidy. For the 
scenarios or cities considered as having high sensitivity and bad performance, policy-makers should 
treat the national subsidy change cautiously-makers. It is an effective strategy to improve the 
economic performance by providing a higher subsidy. On the other hand, for the scenarios and cities 
with bad performance and low sensitivity, the government should seek other incentives to stimulate 
the economic performance efficiently. The investors should be more careful about the scenarios or 
the cities with good performance and high sensitivity, as the subsidy change will greatly affect the 
economic performance in these places, although their economic performance is still acceptable. 
Investors should not delay in investment when the subsidy is still favorable. According to the results, 
in terms of cities, Shanghai, Taiyuan and Tianjin are found to be the best investment destinations for 
building PVs in China despite the risk of a shrinking subsidy. 
Fifthly, the research studies the impacts of electricity price change on financial value outcomes of PV 
applications. The analysis method of the electricity price change is similar to that of national subsidy 
with a focus on the geographic location. The cities can be grouped by considering the economic 
performance and sensitivity to the electricity price change. The outlook on the future electricity 
price can affect the economic performance of building PV applications greatly in the cities with high 
sensitivity to the electricity price change. Thus, building PV applications can be promoted in the 
cities with high potential for electricity price growth. On the other hand, there are cities in which 
building PV application is a safe and profitable investment, such as Shanghai and Taiyuan. 
Moreover, the impact of urban environment on the economic performance of building PVs in the 
urban environment is investigated by incorporating the shading loss in the analysis. Through the 
investigation, roof BAPV with large capacity and roof BIPV replacing glazing roof are recommended 
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for investment when considering the shading impact. Roof BIPV replacing concrete roof is not 
suitable for PV investment due to poor economic performance under the shading condition. In terms 
of city, Shanghai remains the best option for all kinds of building PV investment. By contrast, 
investment in Chengdu, Chongqing and Urumqi should be considered cautiously when confronting 
the increasing city density.  
7.4 Limitations and recommendations for further research  
7.4.1 Limitations of the research 
First of all, there is a lack of real-time energy consumption data of the case buildings. As a result, the 
research refers to the national standard. The reliability of the study can be guaranteed. However, 
the results of the study could be more precise with access to more in-depth data.  
Secondly, in order to calculate the energy output, the solar irradiation data are collected from the 
NREL’s database. The database has been used in many studies. However, a more accurate energy 
output can be expected if a better database of solar irradiation in China can be provided, especially 
considering the irradiation loss caused by air pollution in the urban areas. 
Thirdly, China is large in territory and has complicated local policy conditions. In this study, there are 
12 cities selected to represent the most urban areas in China. Compared with the large area of China 
and large number of cities in China, the number of cities used in the study is still relatively small. 
However, due to the lack of time and resources, it is not possible to conduct a country-level analysis. 
Fortunately, the MATLAB program is established, so, if the data of each city can be collected and 
input to the program, the research can be carried out.  
Fourthly, at present, there are plenty of PV products available on the market with different module 
efficiencies. In the research, based on the cases provided by the company, PV products used in the 
study were chosen, which can represent the most popular PV products with the average PV cell 
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efficiency on the market. However, the research has not covered other PV products with different 
PV cell efficiency.  
7.4.2 Suggestions for future research 
In order to improve the research, further studies could be conducted in the following directions: 
(1) With detailed building drawings, the real-time building energy consumption can be 
simulated through software such as EnergyPlus. With the building energy consumption data, 
the economic performance study can be more accurate. 
(2) Fresher solar irradiation data should be acquired. 
(3) The number of selected cities can be increased for the large urban areas in China.  
(4) More sensitivity analysis can be conducted regarding the efficiency of different PV products. 
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Appendix 1 
 
 
Figure (1) The established MATLAB program 
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Figure (2) The energy output of one scenario in one city for 25 years using MATLAB program 
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Figure (3) The economic analysis result of five scenarios in one city using MATLAB program 
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Appendix 2 
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Figure (1) NPV per kW of 5 scenarios in the 12 cities when considering shading loss up to 25%. 
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Figure (2) PB of 5 scenarios in the 12 cities when considering shading loss up to 25% 
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Figure (3) IRR of 5 scenarios in the 12 cities when considering shading loss up to 25% 
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Appendix 3  
 
Scenario Economic 
indicator 
City Subsidy Slope 
0.42 0.37 0.32 0.27 0.22 0.17 0.12 0.07 0.02 0 
Scenario 
1 – roof 
BAPV 
 
  
NPV per 
kW 
Urumqi 10112 9306 8501 7695 6890 6085 5279 4474 3669 3346 16108 
Hohhot 13298 12452 11606 10760 9914 9068 8222 7376 6530 6191 16922 
Harbin 18727 17841 16954 16068 15182 14295 13409 12522 11636 11281 17729 
Taiyuan 21474 20658 19842 19026 18209 17393 16577 15761 14945 14618 16325 
Tianjin 19141 18410 17679 16947 16216 15485 14754 14023 13291 12999 14625 
Shanghai 41191 40418 39644 38870 38097 37323 36549 35776 35002 34693 15474 
Chengdu 9558 8871 8185 7498 6812 6125 5439 4752 4066 3791 13729 
Chongqing 9724 9056 8389 7722 7055 6387 5720 5053 4385 4119 13346 
Shenzhen 18087 17274 16462 15649 14836 14023 13210 12398 11585 11260 16256 
Guangzhou 12622 12006 11390 10775 10159 9543 8927 8311 7695 7449 12317 
Kunming 15822 14924 14026 13128 12229 11331 10433 9535 8637 8277 17964 
Guiyang 11824 11152 10480 9808 9136 8464 7792 7120 6448 6180 13438 
PB Urumqi 7 7 8 8 9 10 11 12 13 14 16.80 
Hohhot 6 6 6 7 7 7 8 8 9 9 7.62 
Harbin 5 5 5 5 6 6 6 7 7 7 5.64 
Taiyuan 5 6 6 6 6 7 7 7 8 8 6.24 
Tianjin 5 6 6 6 6 7 7 7 7 8 5.32 
Shanghai 4 4 4 4 4 4 5 5 5 5 3.01 
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Chengdu 7 7 8 8 9 9 10 11 12 12 12.63 
Chongqing 7 7 8 8 9 9 10 11 12 12 12.63 
Shenzhen 5 5 6 6 6 6 7 7 8 8 6.98 
Guangzhou 7 7 7 7 8 8 8 9 9 10 6.66 
Kunming 6 6 6 7 7 7 8 8 9 9 7.62 
Guiyang 7 7 7 8 9 9 10 11 11 12 12.34 
IRR Urumqi 17.73% 16.75% 15.76% 14.77% 13.77% 12.77% 11.76% 10.75% 9.72% 9.31% 0.2005 
Hohhot 21.66% 20.64% 19.61% 18.58% 17.54% 16.50% 15.45% 14.40% 13.34% 12.91% 0.2084 
Harbin 26.23% 25.20% 24.18% 23.15% 22.13% 21.10% 20.08% 19.06% 18.03% 17.62% 0.2048 
Taiyuan 24.53% 23.68% 22.83% 21.99% 21.15% 20.32% 19.50% 18.68% 17.87% 17.55% 0.1661 
Tianjin 24.12% 23.32% 22.53% 21.74% 20.95% 20.16% 19.38% 18.60% 17.83% 17.52% 0.1570 
Shanghai 34.53% 33.74% 32.95% 32.17% 31.39% 30.62% 29.86% 29.10% 28.35% 28.05% 0.1543 
Chengdu 17.50% 16.65% 15.78% 14.91% 14.04% 13.16% 12.27% 11.38% 10.48% 10.12% 0.1759 
Chongqing 17.44% 16.61% 15.79% 14.95% 14.12% 13.28% 12.43% 11.59% 10.73% 10.39% 0.1679 
Shenzhen 24.53% 23.61% 22.70% 21.78% 20.87% 19.95% 19.04% 18.14% 17.23% 16.87% 0.1823 
Guangzhou 19.41% 18.70% 17.98% 17.26% 16.55% 15.83% 15.12% 14.40% 13.69% 13.40% 0.1431 
Kunming 22.58% 21.56% 20.53% 19.51% 18.49% 17.47% 16.45% 15.44% 14.43% 14.02% 0.2038 
Guiyang 18.12% 17.35% 16.59% 15.83% 15.07% 14.31% 13.56% 12.80% 12.05% 11.75% 0.1516 
Scenario 
2 – roof 
BIPV 
NPV per 
kW 
Urumqi 7940 6117 4293 2470 647 -1177 -3000 -4824 -6647 -7377 36468 
Hohhot 13659 11803 9948 8092 6237 4381 2526 670 -1186 -1928 37111 
Harbin 22123 20294 18465 16636 14807 12978 11149 9320 7491 6760 36579 
Taiyuan 31984 30191 28397 26604 24810 23017 21223 19430 17637 16919 35868 
Tianjin 28255 26601 24947 23293 21639 19985 18331 16677 15024 14362 33078 
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Shanghai 85609 83860 81992 80123 78255 76387 74519 72650 70782 70035 37229 
Chengdu 10983 9259 7535 5811 4086 2362 638 -1086 -2811 -3500 34485 
Chongqing 12021 10322 8622 6922 5222 3523 1823 123 -1576 -2256 33994 
Shenzhen 30602 28617 26632 24647 22662 20677 18692 16708 14723 13929 39698 
Guangzhou 16872 15371 13871 12370 10869 9369 7868 6368 4867 4267 30011 
Kunming 22843 20735 18626 16517 14409 12300 10191 8083 5974 5131 42173 
Guiyang 16710 15021 13332 11643 9954 8265 6577 4888 3199 2523 33777 
PB Urumqi 15 17 18 21 24           44.00 
Hohhot 13 13 14 15 17 18 21 24     31.19 
Harbin 11 11 12 13 13 14 15 16 17 18 16.43 
Taiyuan 11 11 12 12 13 13 14 15 15 16 11.71 
Tianjin 11 11 12 12 12 13 13 14 15 15 9.73 
Shanghai 6 7 7 7 7 7 8 8 8 8 4.15 
Chengdu 14 15 16 17 18 21 24       31.43 
Chongqing 13 14 15 16 18 19 23 25     34.05 
Shenzhen 9 9 10 11 11 12 13 14 14 15 14.49 
Guangzhou 13 13 14 15 16 16 17 18 21 21 19.18 
Kunming 11 12 12 13 14 15 16 17 19 21 21.54 
Guiyang 13 14 14 15 16 17 18 21 22 23 23.79 
IRR Urumqi 7.81% 7.17% 6.53% 5.89% 5.23% 4.57% 3.90% 3.22% 2.53% 2.26% 0.1323 
Hohhot 9.76% 9.13% 8.50% 7.86% 7.22% 6.57% 5.91% 5.24% 4.57% 4.30% 0.1302 
Harbin 11.99% 11.42% 10.85% 10.28% 9.71% 9.14% 8.56% 7.98% 7.40% 7.17% 0.1147 
Taiyuan 13.16% 12.69% 12.22% 11.74% 11.27% 10.81% 10.34% 9.88% 9.41% 9.23% 0.0936 
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Tianjin 12.83% 12.36% 11.90% 11.44% 10.98% 10.81% 10.51% 10.05% 9.13% 8.95% 0.0871 
Shanghai 21.47% 21.03% 20.59% 20.15% 19.71% 19.28% 18.85% 18.43% 18.00% 17.83% 0.0866 
Chengdu 8.92% 8.32% 7.72% 7.11% 6.49% 5.87% 5.00% 4.60% 3.95% 3.69% 0.1258 
Chongqing 9.19% 8.61% 8.03% 7.45% 6.85% 6.26% 6.00% 5.00% 4.43% 4.18% 0.1182 
Shenzhen 13.95% 13.37% 12.79% 12.21% 11.63% 11.05% 10.47% 9.89% 9.31% 9.08% 0.1160 
Guangzhou 10.24% 9.78% 9.31% 8.85% 8.39% 7.92% 7.46% 6.99% 6.52% 6.34% 0.0929 
Kunming 11.98% 11.34% 10.70% 10.07% 9.43% 8.78% 8.14% 7.49% 6.84% 6.58% 0.1284 
Guiyang 10.09% 9.58% 9.07% 8.56% 8.04% 7.53% 7.02% 6.50% 5.98% 5.77% 0.1028 
Scenario 
3 – roof 
BIPV 
NPV per 
kW 
Urumqi 20400 18577 16753 14930 13106 11283 9459 7636 5813 5083 36468 
Hohhot 26118 24263 22407 20552 18696 16841 14985 13130 11274 10532 37111 
Harbin 34583 32754 30925 29096 27267 25438 23609 21780 19951 19219 36579 
Taiyuan 44444 42650 40857 39063 37270 35477 33683 31890 30096 29379 35868 
Tianjin 40715 39061 37407 35753 34099 32445 30791 29137 27483 26822 33078 
Shanghai 98069 96320 94451 92583 90715 88847 86978 85110 83242 82495 37229 
Chengdu 23443 21719 19995 18270 16546 14822 13098 11374 9649 8960 34485 
Chongqing 24481 22781 21082 19382 17682 15982 14283 12583 10883 10203 33994 
Shenzhen 43062 41077 39092 37107 35122 33137 31152 29167 27182 26389 39698 
Guangzhou 29331 27831 26330 24830 23329 21829 20328 18828 17327 16727 30011 
Kunming 35303 33195 31086 28977 26869 24760 22651 20543 18434 17590 42173 
Guiyang 29169 27481 25792 24103 22414 20725 19036 17347 15659 14983 33777 
PB Urumqi 7 8 8 9 11 11 12 14 15 16 21.07 
Hohhot 6 6 7 7 8 8 9 9 11 12 12.99 
Harbin 6 6 6 6 7 7 7 8 8 8 5.64 
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Taiyuan 6 6 6 7 7 7 8 8 8 9 6.70 
Tianjin 6 6 6 6 7 7 7 8 8 8 5.64 
Shanghai 4 4 4 4 4 4 5 5 5 5 3.01 
Chengdu 6 7 7 8 8 8 9 11 12 12 13.97 
Chongqing 6 7 7 7 8 8 9 11 12 12 14.34 
Shenzhen 5 5 5 6 6 6 7 7 7 7 5.67 
Guangzhou 6 7 7 7 8 8 8 9 9 10 7.81 
Kunming 6 6 6 7 7 7 8 8 9 9 7.62 
Guiyang 7 7 7 8 8 9 9 11 11 12 12.05 
IRR Urumqi 16.27% 15.31% 14.33% 13.35% 12.36% 11.36% 10.36% 9.34% 8.32% 7.91% 0.1993 
Hohhot 19.38% 18.40% 17.42% 16.43% 15.44% 14.44% 13.43% 12.42% 11.39% 10.98% 0.2000 
Harbin 22.26% 21.35% 20.43% 19.52% 18.60% 17.69% 16.77% 15.85% 14.93% 14.57% 0.1831 
Taiyuan 22.54% 21.74% 20.95% 20.16% 19.37% 18.60% 17.83% 17.06% 16.30% 16.00% 0.1554 
Tianjin 22.61% 21.84% 21.08% 20.31% 19.55% 18.79% 18.03% 17.28% 16.53% 16.23% 0.1519 
Shanghai 34.85% 34.04% 33.24% 32.43% 31.64% 30.85% 30.06% 29.29% 28.52% 28.21% 0.1580 
Chengdu 18.21% 17.29% 16.36% 15.43% 14.49% 13.54% 12.58% 11.61% 10.64% 10.24% 0.1898 
Chongqing 18.44% 17.54% 16.64% 15.74% 14.83% 13.91% 12.99% 12.06% 11.13% 10.75% 0.1830 
Shenzhen 24.91% 23.95% 23.00% 22.05% 21.09% 20.14% 19.20% 18.25% 17.31% 16.93% 0.1900 
Guangzhou 19.25% 18.51% 17.77% 17.03% 16.29% 15.55% 14.81% 14.07% 13.34% 13.04% 0.1478 
Kunming 21.94% 20.91% 19.88% 18.85% 17.82% 16.80% 15.77% 14.75% 13.72% 13.32% 0.2053 
Guiyang 18.82% 18.00% 17.18% 16.37% 15.55% 14.74% 13.93% 13.11% 12.31% 11.98% 0.1627 
NPV per 
kW 
Urumqi 7600 6670 5740 4810 3880 2951 2021 1091 161 -211 18596 
Hohhot 11279 10302 9325 8348 7371 6395 5418 4441 3464 3074 19535 
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Scenario 
4 – roof 
BAPV 
Harbin 17546 16523 15499 14476 13453 12429 11406 10383 9359 8950 20467 
Taiyuan 20717 19775 18833 17890 16948 16006 15064 14121 13179 12802 18846 
Tianjin 18024 17180 16335 15491 14647 13803 12959 12115 11270 10933 16884 
Shanghai 43480 42587 41694 40800 39907 39014 38121 37228 36335 35977 17864 
Chengdu 6960 6167 5375 4582 3790 2997 2205 1413 620 303 15850 
Chongqing 7152 6381 5611 4841 4070 3300 2530 1759 989 681 15407 
Shenzhen 16807 15869 14930 13992 13054 12115 11177 10239 9300 8925 18767 
Guangzhou 10468 9757 9047 8336 7625 6914 6203 5492 4781 4496 14219 
Kunming 14192 13155 12118 11081 10044 9008 7971 6934 5897 5482 20739 
Guiyang 9576 8800 8025 7249 6473 5697 4922 4146 3370 3060 15513 
PB Urumqi 11 12 12 13 15 16 18 22 25   33.67 
Hohhot 8 8 9 9 11 12 13 14 15 16 19.84 
Harbin 6 7 7 7 8 8 9 9 11 11 11.08 
Taiyuan 7 8 8 8 9 9 9 11 11 12 10.42 
Tianjin 7 7 8 8 8 9 9 11 11 11 10.39 
Shanghai 5 5 5 5 6 6 6 6 6 6 3.04 
Chengdu 11 12 12 13 14 15 17 18 23 24 29.36 
Chongqing 11 12 12 13 14 15 16 18 22 23 27.01 
Shenzhen 7 7 8 8 8 9 9 11 12 12 12.34 
Guangzhou 9 11 11 12 12 13 13 14 15 15 12.66 
Kunming 8 8 8 9 11 11 12 13 14 15 17.32 
Guiyang 11 11 12 13 13 14 15 16 17 18 16.43 
IRR Urumqi 11.85% 11.04% 10.23% 9.41% 8.57% 7.73% 6.88% 6.02% 5.15% 4.80% 0.1680 
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Hohhot 15.00% 14.17% 13.34% 12.50% 11.66% 10.80% 9.94% 9.07% 8.19% 7.84% 0.1706 
Harbin 18.89% 18.09% 17.29% 16.48% 15.68% 14.87% 14.06% 13.25% 12.44% 12.11% 0.1613 
Taiyuan 18.21% 17.56% 16.91% 16.27% 15.63% 14.99% 14.36% 13.73% 13.10% 12.86% 0.1275 
Tianjin 17.62% 17.01% 16.39% 15.78% 15.17% 14.56% 13.95% 13.35% 12.74% 12.50% 0.1219 
Shanghai 26.39% 25.81% 25.23% 24.66% 24.09% 23.53% 22.97% 22.42% 21.87% 21.65% 0.1127 
Chengdu 11.52% 10.81% 10.10% 9.37% 8.64% 7.89% 7.14% 6.38% 5.61% 5.30% 0.1483 
Chongqing 11.55% 10.87% 10.19% 9.50% 8.80% 8.10% 7.39% 6.67% 5.94% 5.65% 0.1406 
Shenzhen 17.72% 17.00% 16.29% 15.57% 14.85% 14.14% 13.42% 12.71% 11.99% 11.71% 0.1431 
Guangzhou 13.44% 12.87% 12.30% 11.73% 11.16% 10.59% 10.02% 9.44% 8.87% 8.64% 0.1144 
Kunming 16.11% 15.30% 14.49% 13.69% 12.87% 12.06% 11.25% 10.44% 9.62% 9.30% 0.1622 
Guiyang 12.57% 11.96% 11.35% 10.74% 10.13% 9.51% 8.90% 8.28% 7.67% 7.42% 0.1226 
Scenario 
5 – 
façade 
BIPV 
NPV per 
kW 
Urumqi 11209 10289 9370 8450 7530 6611 5691 4772 3852 3484 18392 
Hohhot 14277 13334 12391 11448 10504 9561 8618 7675 6732 6354 18864 
Harbin 23712 22610 21509 20408 19307 18205 17104 16003 14902 14461 22025 
Taiyuan 23549 22631 21714 20796 19878 18961 18043 17125 16208 15841 18352 
Tianjin 20254 19453 18653 17852 17052 16251 15451 14650 13849 13529 16011 
Shanghai 37246 36511 35775 35040 34305 33569 32834 32099 31363 31069 14707 
Chengdu 7028 6384 5741 5097 4454 3811 3167 2524 1881 1623 12867 
Chongqing 6279 6384 5097 4506 3915 3324 2733 2142 1552 1315 12437 
Shenzhen 13482 12768 12055 11341 10628 9914 9201 8488 7774 7489 14268 
Guangzhou 10974 10364 9754 9145 8535 7926 7316 6707 6097 5853 12191 
Kunming 13332 12473 11615 10757 9899 9040 8182 7324 6465 6122 17165 
Guiyang 8085 7492 6899 6306 5713 5119 4526 3933 3340 3103 11864 
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PB Urumqi 6 7 7 7 8 8 11 12 13 14 18.77 
Hohhot 5 5 6 6 6 7 7 8 8 9 8.81 
Harbin 4 4 4 4 5 5 5 5 6 6 4.98 
Taiyuan 5 5 5 6 6 6 6 7 7 7 5.27 
Tianjin 5 5 5 6 6 6 6 7 7 7 5.27 
Shanghai 4 4 4 5 5 5 5 5 5 5 2.67 
Chengdu 8 8 8 11 11 12 13 14 16 16 20.64 
Chongqing 8 8 9 11 12 13 14 15 17 17 23.05 
Shenzhen 6 6 7 7 7 8 8 8 9 11 9.18 
Guangzhou 7 7 7 8 8 8 9 11 12 12 12.82 
Kunming 6 6 7 7 7 8 8 11 11 12 14.02 
Guiyang 8 9 11 11 12 13 13 14 15 16 16.98 
IRR Urumqi 19.23% 18.11% 16.99% 15.85% 14.71% 13.56% 12.40% 11.23% 10.05% 9.57% 0.2301 
Hohhot 23.07% 21.93% 20.79% 19.64% 18.48% 17.31% 16.14% 14.96% 13.77% 13.29% 0.2330 
Harbin 31.46% 30.21% 28.95% 27.70% 26.44% 25.19% 23.93% 22.67% 21.42% 20.91% 0.2512 
Taiyuan 26.15% 25.20% 24.25% 23.31% 22.38% 21.45% 20.53% 19.62% 18.72% 18.36% 0.1855 
Tianjin 25.17% 24.30% 23.43% 22.57% 21.71% 20.86% 20.00% 19.16% 18.31% 17.98% 0.1712 
Shanghai 31.78% 31.04% 30.31% 29.58% 28.86% 28.15% 27.44% 26.74% 26.04% 25.77% 0.1430 
Chengdu 14.72% 13.88% 13.03% 12.18% 11.31% 10.43% 9.54% 8.65% 7.73% 7.37% 0.1753 
Chongqing 13.59% 13.59% 12.04% 11.26% 10.47% 9.67% 8.86% 8.04% 7.21% 6.88% 0.1668 
Shenzhen 20.18% 19.37% 18.55% 17.74% 16.92% 16.11% 15.29% 14.48% 13.67% 13.34% 0.1629 
Guangzhou 17.89% 17.17% 16.45% 15.73% 15.01% 14.29% 13.57% 12.85% 12.13% 11.84% 0.1440 
Kunming 20.26% 19.28% 18.29% 17.30% 16.31% 15.32% 14.33% 13.34% 12.35% 11.95% 0.1979 
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Guiyang 14.48% 13.79% 13.09% 12.40% 11.70% 11.00% 10.30% 9.61% 8.91% 8.63% 0.1394 
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Appendix 4 
 
Scenario Economic indicator City Electricity price growth rate 
-1.37% 1.71% Local 7.52% 
Scenario 
1 – roof 
BAPV 
NPV per kW Chengdu 7890 11385 8871 23883 
Chongqing 7618 11070 9056 23415 
Guangzhou 7911 11522 12006 24404 
Guiyang 6792 9961 11152 21292 
Harbin 13959 18968 17841 36878 
Hohhot 10934 15043 12452 29739 
Kunming 10505 14345 14924 28080 
Shanghai 15710 21110 40418 40418 
Shenzhen 12090 16662 17274 33011 
Taiyuan 10567 14629 20658 29152 
Tianjin 11107 15554 18410 31457 
Urumqi 7498 10574 9306 21573 
PB Chengdu 7 7 7 6 
Chongqing 8 7 7 6 
Guangzhou 7 7 7 6 
Guiyang 8 8 7 7 
Harbin 5 5 5 5 
Hohhot 6 6 6 5 
Kunming 6 6 6 5 
Shanghai 4 4 4 4 
Shenzhen 6 5 5 5 
Taiyuan 6 6 6 5 
Tianjin 6 6 6 5 
Urumqi 8 7 7 7 
IRR Chengdu 15.95% 18.14% 16.65% 22.61% 
Chongqing 15.61% 17.80% 16.61% 22.30% 
Guangzhou 16.18% 18.45% 18.70% 23.03% 
Guiyang 14.56% 16.71% 17.35% 21.13% 
Harbin 23.43% 25.63% 25.20% 30.10% 
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Hohhot 19.77% 21.89% 20.64% 26.25% 
Kunming 19.26% 21.30% 21.56% 25.53% 
Shanghai 27.22% 29.38% 33.74% 33.74% 
Shenzhen 21.16% 23.37% 23.61% 27.86% 
Taiyuan 19.31% 21.45% 23.68% 25.85% 
Tianjin 19.94% 22.21% 23.32% 26.79% 
Urumqi 15.50% 17.49% 16.75% 21.67% 
Scenario 
2 – roof 
BIPV 
NPV per kW Chengdu 6794 15573 9259 46966 
Chongqing 6657 15451 10322 46898 
Guangzhou 5392 14192 15371 45660 
Guiyang 4063 12027 15021 40509 
Harbin 12284 22619 20294 59573 
Hohhot 8473 17486 11803 49714 
Kunming 10360 19376 20735 51620 
Shanghai 24173 37217 83860 83860 
Shenzhen 15956 27121 28617 67045 
Taiyuan 7896 16869 30190 48958 
Tianjin 10108 20152 26601 56067 
Urumqi 2023 8987 6117 33889 
PB Chengdu 15 13 15 10 
Chongqing 15 13 14 11 
Guangzhou 16 13 13 11 
Guiyang 17 14 14 11 
Harbin 13 14 11 9 
Hohhot 14 11 13 10 
Kunming 13 12 12 9 
Shanghai 8 7 7 7 
Shenzhen 11 7 9 8 
Taiyuan 15 9 11 10 
Tianjin 14 13 11 9 
Urumqi 19 12 17 12 
IRR Chengdu 7.58% 9.92% 8.32% 14.64% 
Chongqing 7.53% 9.88% 8.61% 14.62% 
Guangzhou 7.07% 9.51% 9.78% 14.36% 
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Guiyang 6.57% 8.89% 9.58% 13.57% 
Harbin 9.52% 11.88% 11.42% 16.64% 
Hohhot 8.19% 10.49% 9.13% 15.15% 
Kunming 8.87% 11.07% 11.34% 15.59% 
Shanghai 14.00% 16.34% 21.03% 21.03% 
Shenzhen 10.77% 13.11% 13.37% 17.84% 
Taiyuan 7.98% 10.30% 12.69% 15.00% 
Tianjin 8.76% 11.18% 12.36% 16.02% 
Urumqi 5.80% 7.99% 7.17% 12.51% 
Scenario 
3 – roof 
BIPV 
NPV per kW Chengdu 19253 28032 21719 59425 
Chongqing 19117 27911 22781 59357 
Guangzhou 17852 26652 27831 58120 
Guiyang 16522 24487 27481 52969 
Harbin 24744 35078 32754 72033 
Hohhot 20933 29946 24263 62174 
Kunming 22819 31836 33195 64080 
Shanghai 36633 49677 96320 96320 
Shenzhen 28416 39581 41077 79505 
Taiyuan 20355 29329 42650 61418 
Tianjin 22568 32611 39061 68527 
Urumqi 14483 21447 18577 46349 
PB Chengdu 7 7 7 6 
Chongqing 7 7 7 6 
Guangzhou 7 7 7 6 
Guiyang 8 7 7 6 
Harbin 6 6 6 5 
Hohhot 7 6 6 6 
Kunming 6 6 6 6 
Shanghai 4 4 4 4 
Shenzhen 5 5 5 5 
Taiyuan 7 6 6 6 
Tianjin 6 6 6 6 
Urumqi 8 8 8 7 
IRR Chengdu 16.57% 18.84% 17.29% 23.44% 
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Chongqing 16.49% 18.78% 17.54% 23.39% 
Guangzhou 15.88% 18.25% 18.51% 23.00% 
Guiyang 15.08% 17.33% 18.00% 21.89% 
Harbin 19.49% 21.80% 21.35% 26.42% 
Hohhot 17.49% 19.71% 18.40% 24.23% 
Kunming 18.52% 20.65% 20.91% 25.00% 
Shanghai 27.41% 29.62% 34.04% 34.04% 
Shenzhen 21.43% 23.70% 23.95% 28.29% 
Taiyuan 17.17% 19.42% 21.74% 23.98% 
Tianjin 18.32% 20.69% 21.84% 25.41% 
Urumqi 13.98% 16.09% 15.31% 20.45% 
Scenario 
4 – roof 
BAPV 
NPV per kW Chengdu 5034 9069 6167 23498 
Chongqing 4721 8706 6381 22958 
Guangzhou 5029 9199 9757 24109 
Guiyang 3767 7425 8800 20507 
Harbin 12041 17823 16523 38500 
Hohhot 8549 13293 10302 30258 
Kunming 8053 12487 13155 28343 
Shanghai 14063 20297 42587 42587 
Shenzhen 9883 15161 15869 34036 
Taiyuan 8126 12815 19775 29582 
Tianjin 8749 13883 17180 32242 
Urumqi 4582 8133 6670 20831 
PB Chengdu 12 11 12 8 
Chongqing 12 11 12 8 
Guangzhou 12 11 11 8 
Guiyang 13 12 11 9 
Harbin 7 7 7 6 
Hohhot 8 8 8 7 
Kunming 9 8 8 7 
Shanghai 6 6 5 5 
Shenzhen 8 7 7 7 
Taiyuan 9 8 8 7 
Tianjin 8 8 7 7 
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Urumqi 12 11 12 9 
IRR Chengdu 10.04% 12.46% 10.81% 17.26% 
Chongqing 9.75% 12.18% 10.87% 17.01% 
Guangzhou 10.10% 12.60% 12.87% 17.53% 
Guiyang 8.85% 11.25% 11.96% 16.03% 
Harbin 16.20% 18.55% 18.09% 23.26% 
Hohhot 13.22% 15.53% 14.17% 20.18% 
Kunming 12.81% 15.03% 15.30% 19.56% 
Shanghai 18.82% 21.16% 25.81% 25.81% 
Shenzhen 14.36% 16.74% 17.00% 21.50% 
Taiyuan 12.85% 15.17% 17.56% 19.86% 
Tianjin 13.37% 15.81% 17.01% 20.67% 
Urumqi 9.65% 11.87% 11.04% 16.40% 
Scenario 
5 – 
façade 
BAPV 
NPV per kW Chengdu 5464 8740 6384 20453 
Chongqing 4414 7472 5688 18404 
Guangzhou 6311 9885 10364 22667 
Guiyang 3643 6441 7492 16445 
Harbin 17788 24010 22610 46261 
Hohhot 11641 16223 13334 32604 
Kunming 8250 11920 12473 25044 
Shanghai 13074 18196 36511 36511 
Shenzhen 8218 12230 12768 26580 
Taiyuan 11341 15885 22631 32135 
Tianjin 11458 16327 19453 33737 
Urumqi 8225 11737 10289 24295 
PB Chengdu 8 8 8 7 
Chongqing 11 8 9 7 
Guangzhou 8 7 7 6 
Guiyang 12 9 9 8 
Harbin 4 4 4 4 
Hohhot 6 5 5 5 
Kunming 7 6 6 6 
Shanghai 5 5 4 4 
Shenzhen 7 6 6 6 
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Taiyuan 6 5 5 5 
Tianjin 6 5 5 5 
Urumqi 7 6 7 6 
IRR Chengdu 13.11% 15.54% 13.88% 20.36% 
Chongqing 11.67% 14.16% 12.82% 19.05% 
Guangzhou 14.41% 16.90% 17.17% 21.80% 
Guiyang 10.60% 13.06% 13.79% 17.92% 
Harbin 28.39% 30.65% 30.21% 35.17% 
Hohhot 21.01% 23.25% 21.93% 27.76% 
Kunming 16.79% 19.00% 19.28% 23.50% 
Shanghai 24.19% 26.48% 31.04% 31.04% 
Shenzhen 16.69% 19.10% 19.37% 23.89% 
Taiyuan 20.64% 22.89% 25.20% 27.43% 
Tianjin 20.74% 23.13% 24.30% 27.88% 
Urumqi 16.78% 18.91% 18.11% 23.27% 
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Figure (1) Relationship between tariff growth rate and NPV per kW of all five building PV applications in the 12 cities 
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Figure (2) Relationship between tariff growth rate and PB of all five building PV applications in the 12 cities 
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Figure (3) Relationship between tariff growth rate and IRR of all five building PV applications in the 12 cities 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
